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ABSTRACT
Sulfonated phthalocyanines were characterized using capillary electrophoresis and mass
spectrometry. Derivatives investigated included the copper, cobalt, zinc and metal-free
sulfonated phthalocyanines. The electropherograms of commercially available copper
phthalocyanine-3,4',4'',4'''-tetrasulfonic acid and 4,4',4'',4'''-tetrasulfonic acid were very different,
consistent with the latter compound having a structure that is not fully sulfonated. Matrixassisted laser desorption/ionization (MALDI) and electrospray ionization (ESI) were used to
characterize the sulfonated phthalocyanines. Mass spectral evidence was obtained for a
pentasulfonated species of both the metal-free phthalocyanine and zinc phthalocyanine when
these species were made by sulfonation of the metal-free phthalocyanine (followed by zinc
insertion in the latter case).
Many pathogenic bacteria require heme and obtain it from their environment. Heme
transverses the cytoplasmic membrane via an ATP binding cassette (ABC) pathway. Although a
number of heme ABC transport systems have been described in pathogenic bacteria, there is as
yet little biophysical characterization of the proteins in these systems. The sia (hts) gene cluster
encodes a heme ABC transporter in the Gram positive Streptococcus pyogenes. The heme

binding protein (HBP) of this transporter is SiaA (HtsA). Several biophysical techniques were
used to determine the coordination state, and spin state of both the ferric and ferrous forms of
this protein. Identifiers from these techniques suggested that the heme is six-coordinate and low
spin in both oxidation states of the protein, with methionine and histidine as axial ligands. The
pKa of SiaA was determined, as were the reductive and oxidative midpoint potentials.
Guanidinium titration studies of wild-type SiaA showed that the ferric state is less stable than the
ferrous state. Free energy of unfolding values [ΔG(H2O)] for the oxidized and reduced proteins
were 7.3 ± 0.8 and 16.0 ± 3.6 kcal mol−1, respectively. Denaturation of the histidine mutant
H229A was not able to be followed via absorbance spectrometry, possibly due to the large
amount of apoprotein present or to non-specific binding of the heme in the binding pocket. The
biophysical characterization described herein will significantly advance our understanding of
structure-function relationships in HBP.
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CHAPTER 1
Introduction to Sulfonated Copper Phthalocyanines

1.1 Sulfonated Phthalocyanines as anti-HIV Agents. The anti-HIV activity of sulfonated
metallophthalocyanines (MPcSn, n = 1 - 4 sulfonic acid groups) was first observed in the early
1990s by Georgia State University and Emory University in a joint effort (Dixon et al., 1992;
Dixon et al., 1994), and independently by the New York Blood Center (Neurath et al., 1992;
Neurath et al., 1994; Neurath et al., 1995). Sulfonated phthalocyanines (PcS) may block virus
attachment to the host cell surface by binding to positively charged residues in the V3 loop of the
gp120 viral protein (Debnath et al., 1994; Neurath et al., 1995; Song et al., 1997; De Clercq,
2002; Vzorov et al., 2003; Vzorov et al., 2007).
The Dixon, Marzilli, and Compans groups studied the effect of various phthalocyanines
on HIV infection of MAGI cells. They found that PcS and their metallo-derivatives were
effective at blocking infection and preventing the fusion of HIV envelope proteins to host cells
(Vzorov et al., 2003). The most effective metals had the least propensity to bind axial ligands,
and included the copper and nickel chelates. Sulfonated phthalocyanines containing aluminum,
cobalt (II) and (III), chromium, iron, manganese, silicon, or zinc metal centers, all with higher
tendencies to bind axial ligands, also inhibited infection and reduced viral fusion, but to a lesser
extent. Phthalocyanines (Pc) that were positively charged exhibited no or low inhibition of the
virus, and Pc bearing carboxylate substituents had low to moderate inhibition. The activity of
ZnPcS was not a function of the level of sulfonation.
Further experiments by Compans and co-workers showed that various MPcS derivatives
inhibited cell-associated HIV transmission and deactivated several viral isolates (Vzorov et al.,
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2007). They also reported that the compounds were effective at pH ranges of 4.0 to 8.0, which in
combination with their activity against non-fusogenic viruses, led Vzorov et al. to suggest they
may inhibit infection via endocytosis. Cells pretreated with various concentrations of CuPcS for
2 h followed by the addition of HIV-1 showed that infection was inhibited. The EC50 value for
CuPcS was 1 µg/ml.
Of the many metallophthalocyanines studied, the copper derivative was the best in terms
of antiviral and virucidal activity, low toxicity, low cost, and high thermal stability. It was also
thought that it had the highest chances for regulatory approval for use in the vaginal
environment. Indeed, studies on the anti-HIV properties of sulfonated copper phthalocyanines
were sufficiently encouraging (Vzorov et al., 2003) that preliminary animal toxicity studies were
conducted in preparation to move the compound toward the clinic (D. Dixon, personal
communication). Unexpectedly, antiviral and virucidal studies showed that batches of
tetrasulfonated copper phthalocyanine (CuPcS4) (Figure 1.1) from different manufacturers had
different microbicidal activities (Vzorov et al., 2003). For example, the compound sold as
copper phthalocyanine 3,4’,4’’,4’’’- tetrasulfonic acid tetrasodium salt (CuPcS3444) was more
active than the commercially available 4,4’,4’’,4’’’ isomer (CuPcS4444). The numbering system
originates from the parent sulfophthalic acid in which the sulfonic acid group is on position 3 or
4, with the apostrophes representing each phthalic acid ring (Figure 1.2). These two species
ostensibly differed only in the placement of one sulfonic acid group on one of the peripheral
rings, yet their biological activity was significantly different. As it has been reported that
commercial PcS can be impure (Blagrove & Gruen, 1972; Leznoff, 1989), and in view of the fact
that the compound was being considered for clinical trials, we looked carefully at these
molecules with mass spectrometry.
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This chapter provides background information on sulfonated copper phthalocyanines. It
focuses on the aggregation of these species because aggregation may affect the biological
activity of phthalocyanines (Allen et al., 2001; Tedesco et al., 2003). Chapter 2 is our published
work in this area.
1.2 Physicochemico Properties. Phthalocyanines are 18-π electron aromatic systems (Leznoff
& Lever, 1989). Uncharged derivatives of Pc are soluble in DMSO but insoluble in water and
relatively insoluble in organic solvents. Substitution of the periphery with an ionic group such as
a sulfonic acid increases solubility. Tetrasulfonated copper phthalocyanine is one such
derivative.
There are numerous isomers of tetrasubstituted Pc (Leznoff, 1989; Sommerauer et al.,
1996; Rager et al., 1999; Arnold et al., 2003). Mixtures designated as CuPcS4 are available from
commercial suppliers including CuPcS(3444) from Aldrich and CuPcS(4444) from Fluka.
1.3 Aggregation of Tetrasulfonated Copper Phthalocyanine. CuPcS4, like other
metallosulfonated phthalocyanines, share an important characteristic: aggregation. This
characteristic arises from the planarity of the system and the π-π stacking that occurs which
forms stacked aggregates perpendicular to the axis of the plane (Zelina et al., 1999; Camp et al.,
2002).
Sulfonated phthalocyanines can be synthesized via two methods. The Weber-Busch
synthesis, also known as template or condensation synthesis, involves the condensation of 4sulfophthalic acid in the presence of urea and nitrobenzene (Figure 1.2) (Weber & Busch, 1965).
This method yields one sulfonic acid group per peripheral ring. However, to the extent that the
parent sulfophthalic acid is contaminated with phthalic acid with more than one sulfonic acid on
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the aromatic ring, the phthalocyanine product will have more than four sulfonic acid substituents
(Leznoff, 1989; Sommerauer et al., 1996).
A second synthesis involves the “direct sulfonation” of the parent phthalocyanine. The
parent phthalocyanine is synthesized first, most commonly by heating phthalic acid in the
presence of urea and nitrobenzene (Figure 1.3). The phthalocyanine is then treated with oleum
or sulfuric acid. This method sulfonates predominately at the 4(5)-position of the periphery, but
it may also sulfonate other sites such as the 3(6)- position (Haddock, 1945; Linstead & Weiss,
1950). Direct sulfonation gives a mixture of the mono-, di-, tri-, and tetrasulfonate; it is
commonly thought that the process stops at tetrasulfonate.
Several factors influence the aggregation of sulfonated phthalocyanines. As discussed
above, different methods can create species sulfonated to different extents. It has been observed
that pure MPcSn aggregates the most in aqueous solution (Kraska & Czajkowski, 1976; Martin et
al., 1991; Boyle & Dolphin, 1996; Edrei et al., 1998; Ali & van Lier, 1999). Complex mixtures
containing many isomeric products generally show less aggregation.
The central metal influences phthalocyanine aggregation (Wöhrle, 1989), with
aggregation increasing in the order of Al << Co < Zn < VO < Fe < H < Cu (Darwent et al., 1982;
Rosenthal & Ben-Hur, 1989). In polar solvents, the more hydrophobic the derivative, the more
likely it is to aggregate [e.g., CuPcSn aggregation increases in the order of CuPcS4 < CuPcS3 <
CuPcS2 (Fowler & Devonshire, 1992).
1.4 Effect of Solvent. Phthalocyanines can be monomeric in one solution and dimeric in others
(Ferraudi, 1989). In water, the absorbance spectrum of CuPcS4 shows a major band at
approximately 670 nm for the monomer, and the calculated spectrum of a pure dimer shows a
band at 630 nm (Blagrove & Gruen, 1972). Rollmann and Iwamoto prepared millimolar
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solutions of CuPcS4 (prepared via Weber-Busch synthesis) in water, MeOH, DMF, and DMSO
(Rollmann & Iwamoto, 1968). They observed bands from 660 to 677 nm, which they attributed
to monomers. Shoulders were present from 630 to 646 nm, representing aggregates. CuPcS4 in
DMSO obeyed Beer’s law over concentrations of 10-6 to 10-3 M, presumably indicating that it
was monomeric. In water, CuPcS4 did not begin to monomerize until much lower concentrations
were attained. Other studies have also shown that DMSO disaggregates CuPcS4 (Garcia-Sanchez
& Campero, 2000; Abramczyk & Szymczyk, 2004; Brozek-Pluska et al., 2005). Aggregation
also decreases when the compound is combined with human blood (Abramczyk & Szymczyk,
2004; Brozek-Pluska et al., 2005).
Using CuPcS4 (Aldrich), Zelina et al. observed bands at 666-670 nm in water, methanol,
0.1 M SDS in water, 0.1 M TEAB in water, and mixtures containing water/acetonitrile (Zelina et
al., 1999). For DMSO, DMA, DMF and cetyltrimethylammonium bromide (CTAB), the λmax
values were approximately 675 - 678 nm. Moderate aggregation resulted in a deviation from
Beer’s law, and a small shoulder appeared in each solution representing the dimer band. CuPcS4
in cationic CTAB micelles and didodecyldimethylammonium bromide (DDAB) microemulsions
gave spectra that obeyed Beer’s law, showing a prominent band in the monomer region,
indicating little aggregation. Dimerization was observed in 0.1 M TEAB, 0.1 M SDS, and pure
water, as evidenced by large bands at 630 nm, with the monomer bands appearing as shoulders.
Electron spin resonance (ESR) has been used to monitor the distribution of aggregated
species and to provide structural information (Boyd & Smith, 1972; DeBolfo et al., 1976; Moxon
et al., 1981). Studies were performed on Weber-Busch-synthesized CuPcS4 in mixtures of water
and DMF (Boyd & Smith, 1972). At 77 K, 0.01 M CuPcS4 mixtures were found to be highly
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aggregated in up to 50% DMF. As the DMF fraction increased to 75%, a signal interpreted as a
dimer was observed. In 100% DMF, only the monomer was seen.
Smith and co-workers continued investigating CuPcS4 (using ESR) in mixtures of water
and DMF, with similar results (DeBolfo et al., 1976). The anti-aggregation effects of alcohols,
acetone, and acetonitrile were also studied. At room temperature, alcohols were found to be the
most effective at disaggregating CuPcS4, followed by DMSO, DMF, acetone and acetonitrile. At
77 K, DMSO, DMF, methanol and ethanol, other alcohols, and acetone and acetonitrile were the
most effective, in that order.
1.5 Effect of Salt, Temperature, and Concentration. CuPcS4 dimerizes in pure water (Leznoff
& Lever, 1989; Camp et al., 2002; Szymczyk & Abramczyk, 2004). Increasing the ionic
strength and CuPcS4 concentration will increase aggregation, while changes in temperature
decrease aggregation. Kratky and Oelschlaeger performed X-ray scattering under varying ranges
of CuPcS4 (0.05 - 2%), NaCl (0 - 0.7%), and temperature (20 - 50 °C) (Kratky & Oelschlaeger,
1969). When salt was absent, an increase in CuPcS4 concentration resulted in increased
aggregation (21.2 °C). As the temperature was increased, the association constants decreased,
even as dye concentrations rose. At a salt concentration of approximately 0.17%, an increase in
CuPcS4 concentration increased the association constant at 21.2 °C. Similar effects were seen at
0.3% and 0.5% NaCl. However, as the temperature rose and the dye concentration increased, the
association constant increased, contrary to the solution without NaCl. The smallest aggregates
observed were dimers; the largest were 20-mers. These findings agree with the work of several
groups, who observed that the addition of electrolytes increased aggregation, while the addition
of organic solvents decreased aggregation (Sigel et al., 1971; Berezin, 1981; Moser & Thomas,

7
1983; Camp et al., 2002). Other temperature studies have shown that an increase in temperature
reduced dimer formation (Blagrove & Gruen, 1972; Abramczyk et al., 2006).
Blagrove and Gruen observed that as NaCl concentration was increased from 0 M to 0.25
M, the apparent molecular weight (Mapp) of CuPcS4 increased (Blagrove, 1973). The Mapp values
were determined to be 2000, 4600, and 7200 Da at 0.01, 0.1, and 0.25 M NaCl, respectively.
The weight of tetravalent CuPcS4 is 893 (no sodium ions). The 2000 and 4600 Da Mapp were
ascribed to the dimer and tetramer, respectively. The lack of agreement between the theoretical
and experimental weights was attributed to solvation.
In agreement with previous studies, Camp et al. observed that increasing NaCl
concentration from 0 to 0.01 M in pure water increased aggregation (Camp et al., 2002).
However, as the concentration of salt was increased to 0.1 M, a decrease in the spectral
contribution of trimers and higher aggregates was observed. At 2 M NaCl, the contribution of
higher aggregates became insignificant.
1.6 Dimerization Constants. Equilibrium constants for metal PcS4 dimer formation are
typically in the range of 105 - 107 M-1 (Darwent et al., 1982). Sigel et al. have reported log Kd
values of 8.14 and 7.2 at 25 and 60 °C, respectively, at low ionic strengths ([Na+] ≤ 5 x 10-5 M)
(Sigel et al., 1971). Harriman and Richoux reported a log Kd of 7.1 for dimer formation in
aqueous solution (Harriman & Richoux, 1980).
Blagrove and Gruen studied CuPcS4 prepared using the Weber-Busch method (Blagrove
& Gruen, 1972). Spectra were measured in water-ethanol mixtures at 25 °C. In 20% ethanol,
the compound was monomeric at 10-7 M and had a major band at approximately 670 nm. As the
CuPcS4 concentration increased (10-7 - 10-3 M), a new band appeared around 630 nm
overlapping with the band at 670 nm; the band at 670 nm decreased in intensity and shifted
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toward shorter wavelengths. Isosbestic points were observed, indicating the formation of dimers
as represented by a band at 630 nm. At high dye concentrations, isosbestic behavior was lost and
the extinction coefficient of the dimer decreased, suggesting the formation of higher aggregates.
At dye concentrations of < 5 x 10-6 M, the Kd remained fairly constant as a function of
concentration, with an average value of 1.62 ± 0.06 x 10-5 M. As the concentration increased to
1.11 x 10-3 M, the Kd increased to 14.8 x 10-5 M. In pure water, the monomer-dimer Kd was 4 ±
1 x 10-8 M at dye concentrations of less than 10-6 M.
Dimer formation has been studied in water, ethanol, methanol, urea, thiourea, urea and
thiourea, and formamide (with and without potassium acetate) (Blagrove & Gruen, 1973). The
general trends were that methanol and ethanol increased dimerization, while urea, thiourea, and
formamide decreased dimerization. Blagrove also investigated the effects of urea and thiourea
on aggregation by determining the Mapp of CuPcS4 (Blagrove, 1973). The Mapp of 10-3 M dye in
a solution containing 0.1 M NaCl was 4600 Da. When urea or thiourea was added, the Mapp
decreased. Urea at 250 and 550 g/L gave weights of 1800 and 1600 Da, respectively, and 100
g/L of thiourea gave a Mapp of 2800 Da.
Camp et al. have suggested that a simple monomer-dimer equilibrium model may not be
sufficient to explain CuPcS4 aggregation (Camp et al., 2002). In pure water, they did not observe
isosbestic points upon increasing the dye concentration from 10-7 to 10-3 M. They did observe an
initial increase in the dimer band upon increasing the dye concentration, followed by a decrease
in the dimer band when the concentration reached 10-3 M, suggesting the presence of higher
aggregates. They concluded that two equilibria may be present in solution, one at low
concentration ([CuPcS4] ≈ 10-6 M) and one at higher concentrations ([CuPcS4] ≈ 10-4 M).
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1.7 Axial Ligands. Another contributing factor to CuPcS4 aggregation is that it does not bind
axial ligands (Weber & Busch, 1965; Gruen & Blagrove, 1973). At low ([Na+] ≤ 5 x 10-5 M)
ionic strength, CuPcS4 was more prone to dimerize than Fe(III)PcS4, VO(II)PcS4, Zn(II)PcS4,
and Co(II)PcS4 (in decreasing order of dimer stability) (Sigel et al., 1971; Darwent et al., 1982).
In contrast, Harriman and Richoux have reported that ZnPcS4, PcS4, CuPcS4 have similar
dimerization constants in water (Harriman & Richoux, 1980).
In this chapter, we have provided background information on sulfonated copper
phthalocyanines. Chapter 2 is a direct copy of our published work: Dixon, D.W., Gill, A.F., and
Sook, B.R. (2004). Characterization of sulfonated phthalocyanines by mass spectrometry and
capillary electrophoresis. Journal of Porphyrins and Phthalocyanines 8(11): 1300-1310. The
manuscript was prepared by Professor Dabney W. Dixon, the capillary electrophoresis
experiments were performed by Dr. Anila Gill, and the mass spectra were analyzed by Brian R.
Sook.
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CHAPTER 2
Characterization of Sulfonated Phthalocyanines by
Mass Spectrometry and Capillary Electrophoresis

2.1 Introduction. Sulfonated phthalocyanines (PcS) are under increasing consideration as
therapeutic agents. Phthalocyanines have been used clinically as photodynamic agents in
chemotherapy (Wainwright, 1996; Phillips, 1997; Luk'yanets, 1999; Sobolev et al., 2000; Allen
et al., 2001; Tedesco et al., 2003). The most widely studied phthalocyanines for photodynamic
therapy are the aluminum sulfonated phthalocyanines (AlPcSn) (Luk'yanets, 1999; Stranadko et
al., 1999; Allen et al., 2001). The sulfonated zinc phthalocyanines have also been the focus of
significant study (Brasseur et al., 1988; Fingar et al., 1993; Margaron et al., 1996; Howe &
Zhang, 1997; Howe & Zhang, 1998; Halkiotis et al., 1999; Tabata et al., 2000). Photodynamic
treatment with phthalocyanines has been investigated for decontamination of red blood cell
concentrates for transfusion (Ben-Hur et al., 1997; Wainwright, 2002).
Other recent studies have found that sulfonated phthalocyanines have biological activity
that is not dependent on the photosensitization characteristics of the phthalocyanine. For
example, the tetrasulfonated phthalocyanine without a central metal (PcS4) has been shown to
inhibit transmissible spongiform encephalopathies (Priola et al., 2000). We have shown that
sulfonated phthalocyanines have significant activity against vaccinia (Chen-Collins et al., 2003).
Studies in our laboratories also have shown that some commercially available sulfonated
phthalocyanines have significant activity against the human immunodeficiency virus (HIV-1)
(Vzorov et al., 2003). For the sulfonated zinc phthalocyanines, little difference in activity was
observed as a function of the level of sulfonation of the material. For the sulfonated copper
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phthalocyanines, copper phthalocyanine-3,4',4'',4'''-tetrasulfonic acid tetrasodium salt
[CuPcS(3444), the 1,9,16,23 isomer] was more active than copper phthalocyanine-4,4',4'',4'''tetrasulfonic acid tetrasodium salt [CuPcS(4444), the 2,9,16,23 isomer] (Vzorov et al., 2003).
These two structures ostensibly differ only in the position of a sulfonate on one of the
phthalocyanine rings. Because there was no clear correlation between activity and the ostensible
extent and position of sulfonation, we have characterized the molecular structure of these
phthalocyanines in more detail. Specifically, we have studied copper, cobalt, zinc and metal-free
sulfonated phthalocyanines using capillary electrophoresis (CE) and both matrix-assisted laser
desorption/ionization (MALDI) and electrospray ionization (ESI) mass spectrometry. Some
compounds were made using the Weber-Busch template synthesis (WB) (Weber & Busch,
1965), which is expected to give a phthalocyanine with four sulfonic acid groups. Others were
made via sulfonation of the parent phthalocyanine; these may be mixtures of products with
various extents of sulfonation. Sulfonated tetraphenylporphyrin (TPPSn) derivatives were used
for comparison of capillary electrophoresis migration times and mass spectral fragmentation
patterns.
2.2 Experimental.
2.2.1 Phthalocyanines and Porphyrins. Sulfonated phthalocyanine was available via the
Weber-Busch synthesis (PcS4-WB) (Weber & Busch, 1965) and via sulfonation of
phthalocyanine (PcS4-S) (Midcentury Chemicals, Chicago, IL). Co(II)PcS4, made via the
Weber-Busch synthesis, was a gift from Dr. Jerry Bommer (Frontier Scientific, Logan, UT).
Copper phthalocyanine-3,4',4'',4'''-tetrasulfonic acid tetrasodium salt [CuPcS(3444)] was
obtained from Aldrich (St. Louis, MO). Copper phthalocyanine-4,4',4'',4'''-tetrasulfonic acid
[CuPcS(4444)] was obtained from Fluka (St. Louis, MO). Sulfonated zinc phthalocyanines,
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synthesized either via the Weber-Busch procedure (ZnPcS4-WB) or via zinc insertion into
sulfonated phthalocyanine (ZnPcS4-I), were also gifts from Dr. Bommer. Sulfonated zinc
phthalocyanine was also available in a less sulfonated form from Midcentury (ZnPcS3). The
sulfonated tetraphenylporphyrins (TPPSn) used were TPPS2a (Frontier Scientific), TPPS3
(Midcentury) and TPPS4 (Aldrich). Ethylenediaminetetraacetic acid (EDTA, Aldrich) was added
to some samples.
2.2.2 Capillary Electrophoresis. Capillary electrophoresis was performed on a Beckman
P/ACE 5500 series with Beckman Gold chromatography software and a Beckman diode array
detector. A fused silica capillary column (Beckman, 375 μm o.d., 75 μm i.d., 57 cm overall, 50
cm to detector) was built in an eCAP capillary cartridge (Beckman, 100 x 800 μm aperture).
Phosphate buffers were prepared by dissolving NaH2PO4, Na2HPO4 or KH2PO4 in deionized
water and adjusting the solution to the desired pH with phosphoric acid, NaOH or KOH. All
running solutions were filtered through a 0.2 μm membrane filter (FP-200, Gelman Science Inc.,
Ann Arbor, MI) before use.
New capillary columns were rinsed with 1.0 M sodium hydroxide for 1 h, then with
deionized water for 20 min, then with running buffer for 30 min. The capillary column was
regenerated between runs with 0.1 M sodium hydroxide for 5 min, then with deionized water for
5 - 15 min, then with the running buffer for 10 min. A sample solution was prepared by
dissolving a small amount of the porphyrin or phthalocyanine (1 - 2 mg) in deionized water (0.5
mL). Further dilutions were done in water.
Separations were performed with normal polarity from the inlet vial (anode) to the outlet vial
(cathode) for high pH and reverse polarity for low pH separations. Pressure injections of 6 s
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were used. Voltages were chosen in the range of 20 - 30 kV. The column temperature was
approximately 24 °C.
2.2.3 Mass Spectrometry. Electrospray ionization experiments were performed using a
Finnegan MAT (San Jose, CA) LCQ quadrupole ion trap mass spectrometer in positive mode,
and the mass range scanned was 200 - 2000 Da. Samples were prepared by taking
approximately 3 mg of sample and dissolving in 200 μL MeOH. The solution was then diluted
10-fold with 0.5% acetic acid and 50:50 H2O:MeOH. The spray voltage was 4.5 kV and the
flow rate was 3 μL/minute. For MSn, the collision energy was 60%. Negative ion mode
electrospray analysis of porphyrins was also performed on a Micromass Quattro LC triple
quadrupole instrument (Beverly, MA) with Ar as the collision gas and a collision voltage of 60
V.
MALDI experiments were performed using an ABI Voyager DE-Pro (Applied
Biosystems, Warrington, UK) MALDI reflectron time-of-flight spectrometer. The mass range
scanned was 200 - 4000 Da in positive and negative modes. Some samples were run with 2,4,6trihydroxyacetophenone (THAP) and EDTA as the matrix. The THAP matrix was prepared as a
10 mg/ml solution in 50:50 mixture of 0.14 M EDTA in H2O and acetonitrile. The sample was
dissolved in MeOH (0.5 mg/ml). The sample solution was mixed with the matrix solution in a
1:20 ratio and the resulting solution spotted on the MALDI target plate. Some samples were run
with α-cyano-4-hydroxycinnamic acid (CHCA) as the matrix. CHCA was prepared at 10 mg/ml
in a 50:50 mixture of MeOH and acetonitrile. The sample was dissolved in MeOH (0.5 mg/ml)
and mixed with CHCA. The sample solution was mixed with the matrix solution in a 1:20 ratio
and spotted on the MALDI target plate. Throughout the text, peaks are rounded to the nearest
unit.
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2.2.4 Sulfonation of 5,10,15,20-tetra(2-naphthyl)porphyrin. The porphyrin was synthesized
following the literature (Rocha Gonsalves et al., 1991). Sulfonation was performed following
the procedure of Sutter et al. (Sutter et al., 1993). 5,10,15,20-Tetra(2-naphthyl)porphyrin (200
mg, 0.24 mmol) was added to 5 ml of concentrated sulfuric acid (Aldrich). The reaction mixture
was heated at 100 °C for 20 h. Ice was added to the green mixture. The acid was neutralized
carefully by the addition of 50% NaOH solution and ice until the color turned red (caution, very
exothermic, keep the flask on ice and add the NaOH very slowly). The pH of the solution was
adjusted to 7. The liquid was evaporated under vacuum. The resulting solid was pulverized and
the sulfonated porphyrin was extracted into methanol with a Soxhlet apparatus for approximately
24 h. Evaporation of the solvent gave solid material that was purified by a Sephadex LH-20
(Pharmacia) column (6 g of Sephadex for 100 mg of porphyrin) using methanol as the eluent.
The column was prepared by putting the Sephadex in methanol and was used immediately. The
purple-colored band (continuous, streaking) was collected and evaporated to obtain the desired
product (T2NapS).
2.3 Results.
2.3.1 Sulfonated Tetraphenylporphyrins. Initial background studies were performed with
sulfonated tetraphenylporphyrins. Partial sulfonation of TPP gives a mixture of sulfonated
derivatives (all sulfonic acids in the 4-position): the monosulfonated (TPPS1), disulfonated
(adjacent, TPPS2a and opposite, TPPS2o), trisulfonated (TPPS3) and tetrasulfonated (TPPS4)
derivatives. These compounds, which can be cleanly separated by column chromatography on
silica C-18 (Sutter et al., 1993; Rubires et al., 1999) or pyridine-chloroform-water on silica gel
(Winkelman et al., 1967; Fleischer et al., 1971; Zhang et al., 2003), are commercially available.
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Because these compounds can be isolated as individual pure species, they can be used as
standards to assess the fragmentation patterns of sulfonated tetrapyrroles.
The negative ion mode MALDI spectrum of TPPS4 (M.-, CHCA) showed the molecular
ion at 934 Da, with the mono-, di-, tri-, and tetrasodium salts at intervals of +22 Da. No peaks
corresponding to loss of SO2 (870) or SO3 (854) were observed. The negative ion MALDI
spectrum of TPPS3 (CHCA) also gave a clean molecular ion, again with no loss of SO2 or SO3.
The positive ion mode ESI spectrum of TPPS4 showed the molecular ion at 935 (M+H+)
Da, with the mono-, di-, tri-, and tetrasodium salts at intervals of +22 Da. There was no peak at
855 Da, indicating that TPPS4 did not lose SO3. MS/MS analysis of the 935 Da peak showed
loss of SO2 (871), SO3 (855) and PhSO3 (778). MS3 analysis of the 855 fragment showed loss of
SO2 (791), SO3 (775) and a peak at 711 which might be attributed to loss of both SO2 and SO3.
In the negative ion mode ESI spectra, TPPS4, TPPS3, TPPS2a and TPPS2o all showed only very
small peaks for the molecular ions; by far the most prominent peaks were for the doubly charged
ions. The spectra of TPPS2o and TPPS2a were identical. MS/MS of the 386 [(M-2H+)-2] peaks of
TPPS2a and TPPS2o were also identical, with the largest peaks for loss of SO3 and SO3 + SO2.
The TPPSn isomers were also used as standards for capillary electrophoresis separation. TPPS2a,
TPPS3 and TPPS4 separated by capillary electrophoresis at pH 9.0 with migration times of 4.0,
5.0, and 6.4 min, respectively, both individually and in a mixture of all three (Fig. 1).
As an example of a more complicated system, the sulfonation product of 5,10,15,20tetra(2-naphthyl)porphyrin T2NapS was studied. Sulfonation with concentrated sulfuric acid at
100 °C for 20 h gave a number of products, as shown by a series of peaks in the CE. The
negative ion MALDI (CHCA) showed the tetrasulfonic acid (1134) and its mono-, di-, and

23
trisodium salts as well as the pentasulfonic acid (1214) and its mono-, di-, tri-, and tetrasodium
salts (Fig. 2A).
A dimer of the tetrasulfonic acid with three sodium ions was seen starting at 2334, with
salts bearing 4, 5, 6, and 7 sodium ions at increments of +22 (Fig. 2B). Smaller peaks
attributable to the dimer of the pentasulfonic acid with five sodium ions centered at around 2539
with salts bearing 6, 7, 8, and 9 sodium ions were also seen. Finally, a heterodimer of the
tetrasulfonic/pentasulfonic acid with four sodium ions was seen centered at 2437, with salts
bearing 5, 6, 7 and 8 sodium ions at increments of +22.
2.3.2 Sulfonated Phthalocyanine. PcS4-WB (synthesized via the Weber-Busch process) and
PcS4-S (synthesized via sulfonation of phthalocyanine) each appeared as one peak by capillary
electrophoresis, eluting at 11 min (pH 9). Because sulfonated phthalocyanines aggregate easily,
aggregation was assessed by taking the UV/vis spectra at optical absorbances very similar to
those in the CE experiments. PcS4-WB and PcS4-S in water, pH 2.5 buffer and pH 9.0 buffer all
showed a broad band between 550 and 750 nm with a λmax at about 640 nm and a shoulder at
about 655 nm. The peak at shorter wavelengths has been ascribed to an aggregated form
(Reynolds & Kolstad, 1976), indicating that these species are largely aggregated under CE
conditions.
The negative ion MALDI mass spectrum (THAP) of PcS4-WB showed the molecular ion
at 834 (M.-) Da as well as the mono-, di-, tri-, and tetrasodium salts (Fig. 3A). A peak at 754 was
seen, corresponding to loss of sulfonate. Throughout this work we assume that phthalocyanines
synthesized via the Weber-Busch procedure are the tetrasulfonates, though trisulfonates present
in the product would give the same mass spectrum as loss of SO3 in the mass spectrometer itself.
No peak at 770, corresponding to loss of SO2, was observed. Spectra with CHCA,
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CHCA/EDTA and THAP/EDTA were generally similar. No peaks attributable to dimers or
trimers were seen (CHCA/EDTA or THAP/EDTA).
The negative ion MALDI mass spectrum (CHCA) of PcS4-S showed the molecular ion at
834 Da as well as the mono-, di-, and trisodium salts (Fig. 3B). Of interest were peaks at 911 914 Da, appropriate for the pentasulfonated phthalocyanine (M of 914). Peaks at 933 - 936 Da
appropriate for the monosodium salt of the pentasulfonated species were also seen. The peak at
779 is most likely a matrix artifact, as it was generally observed in compounds tested under these
conditions. In positive ion mode, the most prominent peaks in the spectrum were that of the
pentasulfonic acid and its four sodium salts.
2.3.3 Sulfonated Cobalt Phthalocyanine. CoPcS4-WB (synthesized via the Weber-Busch
process) was studied using negative ion mode MALDI mass spectrometry (CHCA, Fig. 4). The
molecular ion (891, M.-) and its mono- and disodium (935) salts were seen. Small peaks were
observed for loss of SO2 and loss of SO3 (827 and 811 Da, respectively). The dimer was also
observed at 1782 Da [(2M).-]. The spectrum in THAP/EDTA was very similar to that in CHCA,
with an additional small peak attributed to the trimer.
2.3.4 Sulfonated Zinc Phthalocyanine. Three forms of sulfonated zinc phthalocyanine were
studied, that made via Weber-Busch synthesis (ZnPcS4-WB) and two samples made via
sulfonation of phthalocyanine. One of the latter was a mixture with an average of less than four
sulfonates per molecule (ZnPcS3) and the other was a mixture with an average of about four
sulfonates per molecule, made by sulfonation of the metal-free phthalocyanine, followed by
insertion of zinc (ZnPcS4-I). The CE of ZnPcS3 (2.5 x 10-3 M) at pH 9.0 showed a series of
sharp peaks from 7 to 14 min (Fig. 5). This separation was substantially better than that at pH
2.5. The addition of β-cyclodextrin made very little difference in the electropherogram. The
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electropherograms of ZnPcS4-I and ZnPcS4-WB were very different from those of ZnPcS3. At
an injection concentration of approximately 2.5 x 10-4 M, the electropherograms of ZnPcS4-I and
ZnPcS4-WB were dominated by a single broad peak which appeared at about 10 min. The
substantial difference between the electropherograms of ZnPcS3, and ZnPcS4-I and ZnPcS4-WB
might be due to differential aggregation of the samples. Previous studies have shown that the
presence of many isomers in a ZnPcSn mixture reduces the tendency to aggregate; ZnPcSn
mixtures averaging 3-4 sulfonates are generally less aggregated than ZnPcS4 (Brasseur et al.,
1987; Martin et al., 1991; Rajendiran & Santhanalakshmi, 2002; Kuznetsova et al., 2003).
Aggregation was assessed by taking the UV/vis spectra at optical absorbances very similar to
those in the CE experiments. ZnPcS4-I and ZnPcS4-WB in pH 9.0 buffer both showed a broad
band between 550 and 750 nm with a λmax at about 630 nm and a shoulder at about 675 nm. The
peak at shorter wavelengths has been ascribed to an aggregated form (Brasseur et al., 1987;
Martin et al., 1991; Spikes et al., 1995; Rajendiran & Santhanalakshmi, 2002), indicating that
these compounds were largely aggregated under CE conditions. The UV/vis spectra of ZnPcS3
in water, in buffers at pH 9.0 and 2.5, and in DMSO were all essentially the same, with a major
band at approximately 675 nm; this has been previously identified as the spectrum of the
monomeric form of ZnPcS3 (Brasseur et al., 1987; Martin et al., 1991; Rajendiran &
Santhanalakshmi, 2002). Thus, it appears that ZnPcS3 is not aggregated under CE conditions.
In the negative ion mode MALDI (CHCA/EDTA), ZnPcS4-WB showed the molecular
ion (896 Da, M.-), as well as the mono- and disodium salts (Fig. 6). An intense peak ascribed to
loss of SO3 was also seen (816 Da). The spectrum in CHCA without EDTA was not as clear.
The spectrum in the THAP/EDTA matrix was similar to that in CHCA/EDTA, except that no
loss of SO3 was seen.
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ZnPcS4-I (negative ion mode, CHCA) showed the molecular ion, as well as the monoand disodium salts (Fig. 7). Small peaks attributable to loss of SO2 and SO3 were seen (832 and
816 Da). A series of peaks between 972 and 979 were appropriate for a pentasulfonated species
(M at 976 Da). The monosodium salt was also seen. A dimer of the tetrasulfonic acid was seen
at approximately 1792, with the mono-, di-, and trisodium salts (Fig. 8). Small peaks attributable
to the dimer of the pentasulfonic acid at around 1952 with the mono- and disodium salts were
also seen. Finally, a heterodimer of the tetrasulfonic/pentasulfonic acid was seen at
approximately 1872, with the mono-, di-, and trisodium salts. A few very small peaks
attributable to dianionic dimers were seen, e.g., 929 [(tetrasulfonic acid dimer + 3 Na)-2] and 776
[(tetrasulfonic acid dimer – 3 SO3)-2]. These peaks are differentiable from those due to
monomeric phthalocyanine species because they have added or lost an uneven number of at least
one molecular group from the dimer (e.g., addition of 3 Na or loss of 3 SO3 giving the
appearance of the addition of 1.5 Na or loss of 1.5 SO3, respectively). With THAP/EDTA as the
matrix, ZnPcS4-I showed peaks at 896 and 918, appropriate for the molecular ion and the
corresponding monosodium salt, respectively. A peak for loss of SO2 from the tetrasulfonic acid
was seen. As for the spectra with CHCA as a matrix, a peak appropriate for the pentasulfonic
acid was observed. Running the sample with added Na2SO4 in the matrix (CHCA, negative ion
mode) did not change the relative intensity of the peaks, consistent with the assignment of the
peak attributed to the pentasulfonic acid as the molecular species, rather than a salt of the
tetrasulfonated phthalocyanine and sulfate.
2.3.5 Sulfonated Copper Phthalocyanine. CuPcS(3444) and CuPcS(4444) were compared
using both CE and mass spectrometry. Capillary electrophoresis of CuPcS(3444) showed a
major peak eluting at 9.5 min (Fig. 9A). The UV/vis spectra of CuPcS(3444) in water and in
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buffer (Fig. 10) at pH 9.0 were essentially the same with bands at 660 nm attributed to the
monomer and 625 nm attributed to the aggregated form (Zelina et al., 1999). CuPcS(3444) in
DMSO was quite different than that in aqueous solution, with a major band at approximately 675
nm (Fig. 10A); Rusling has proposed that the compound is entirely monomeric in DMSO (Zelina
et al., 1999). Capillary electrophoresis of CuPcS(4444) showed a single, comparatively broad
peak, centered at 5.3 min (Fig. 9B). The UV/vis spectra of CuPcS(4444) in water and in buffer
at pH 9.0 were essentially the same, showing broad bands centered at 605 and 695 nm. In
DMSO, the bands remained very broad, with a short, sharp peak at 672 nm, presumably
attributable to monomeric phthalocyanine (Fig. 10B). The UV/vis spectra are consistent with
significant aggregation of CuPcS(4444), even in DMSO.
CuPcS(3444) was studied using positive and negative ion modes with both MALDI and
ESI mass spectrometry. In the positive ion MALDI (CHCA/EDTA), the parent ion and the
mono-, di-, tri-, and tetrasodium species were seen (Fig. 11). No peaks corresponding to loss of
SO2 or SO3 were seen. Clear peaks for the dimers and 3 to 7 sodium ions were seen. Peaks were
also seen for the trimers with 5 to 10 sodium ions; no peaks corresponding to the tetramer and its
sodium salts were observed. Negative ion mode MALDI mass spectrometry (CHCA/EDTA)
also showed the parent ion, and the mono-, di-, and trisodium salts, but no loss of SO2 or SO3.
Clear peaks for the dimers and 1 to 7 sodium ions were seen. No peaks for the trimers were seen
with negative ion mode MALDI. Neither positive nor negative ESI showed the molecular ion.
Mass spectra of CuPcS(4444) were taken using positive and negative ion MALDI and
positive and negative ion ESI. In no case was a peak for the molecular ion observed. The
positive ion MALDI (CHCA) gave peaks which could be attributed to the parent CuPc (575 Da,
no sulfonic acids) and CuPc with one sulfonic acid (655 Da); a small peak which might be
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attributable to CuPc with two sulfonic acids was also seen (735 Da). There was no evidence for
trisulfonated or tetrasulfonated species. Negative ion MALDI (CHCA) did not give a good
spectrum. Negative ion MALDI with CHCA/EDTA again gave a peak that could be attributed to
the parent CuPc (no sulfonic acids) but no clear peaks for any monomeric sulfonated species
with a single negative charge. Significant peaks were also observed for an extensive series of
dimers with a net negative charge of -1 and varying net numbers of sulfonic acid groups and
sodium ions. The negative ion ESI showed peaks which could be attributed to CuPc, the parent
with one sulfonic acid, and to the doubly charged tetrasulfonic acid species.
2.4 Discussion.
2.4.1 Capillary Electrophoresis. Previous separations of sulfonated phthalocyanines as a
function of pH have used both low (pH 2.5) (Barbosa et al., 1997) and high (pH 9 – 10.5)
(Tapley, 1995; Schofield & Asaf, 1997; Pokric et al., 1999) pH buffers. The studies herein
indicate that the phthalocyanine components are separated substantially more readily at high pH
than at low pH. The addition of β-cyclodextrin (Andrighetto et al., 2000) did not alter the
electropherograms significantly. Schofield and Asaf have previously observed that the addition
of acetonitrile or 10 mM ammonium acetate to a 10 mM KH2PO4 (pH 9.0) buffer also had little
effect on the separation of ZnPcSn (Schofield & Asaf, 1997).
Sulfonated phthalocyanines are prone to aggregation, even at low concentrations. This
can give electropherograms that depend on the concentration of the phthalocyanine. It can also
give electropherograms that show very little separation of a mixture of compounds because the
individual species in the mixture are aggregated under the capillary electrophoresis conditions.
The propensity of the compounds to stack under CE conditions was investigated by taking the
UV/vis spectrum of the phthalocyanines with the same buffer and same net absorbance as that
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found in the capillary electrophoresis experiments. The optical bands indicated substantial dimer
or aggregate for most of the phthalocyanines. For example, optical spectroscopy indicated that
both PcS4-WB and PcS4-S were found in the dimer/aggregated state. Both also had very similar
capillary electrophoresis migration times, with a single broad peak, presumably due to the
aggregated mixture. A very similar situation was observed for ZnPcS4-I and ZnPcS4-WB.
Again, optical spectroscopy indicated that both of these phthalocyanines were found in the
dimer/aggregated state and both also had very similar capillary electrophoresis migration times,
with a single broad peak. In contrast, the UV/vis spectra of ZnPcS3 indicated that this compound
was found as the monomer under CE conditions. The ZnPcS3 sample has a substantial number
of components, which reduces aggregation compared to the more symmetrical ZnPcS4, even
though ZnPcS3 has a smaller average net charge. It has been observed previously that ZnPcSn
mixtures averaging 3-4 sulfonates are generally less aggregated than ZnPcS4 (Brasseur et al.,
1987; Martin et al., 1991; Rajendiran & Santhanalakshmi, 2002; Kuznetsova et al., 2003). van
Lier and co-workers have noted that an isomeric mixture of sulfonated phthalocyanines obtained
by sulfonation of zinc phthalocyanine was ten times more active in photosensitization of V-79
Chinese hamster cells than the homogeneous derivative prepared via the Weber-Busch synthesis
(Brasseur et al., 1988), presumably because the former preparation was more monomeric.
The difference in the electropherograms of CuPcS(3444) and CuPcS(4444) was
significant. The major peak for CuPcS(3444) appeared at 9.5 min. CuPcS(4444) showed no
peak at this migration time; all the material appeared as a broad peak coming earlier at 5.3 min.
The earlier migration time indicates that the average net charge on the phthalocyanine ring is less
than -4. In a capillary electrophoresis study of AlPcSn, Pokrić et al. observed approximately 50
seconds separation between each of the mono-, di-, tri-, and tetrasulfonated species (20 mM 3-
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cyclohexylamino-1-propanesulfonic acid, pH 10.5 buffer) (Pokric et al., 1999). In our study of
sulfonated tetraphenylporphyrins, we observed approximately two minutes separation between
TPPS2a, TPPS3 and TPPS4. These three derivatives are monomeric at optical concentrations
(absorbance < 0.1) at pH values ≥ 7 (Corsini & Herrmann, 1986; Rubires et al., 1999; Zhang et
al., 2003). Both Pokrić’s data and our data indicate that sulfonated tetrapyrroles can separate
cleanly as a function of net charge in a homologous series. However, our data on the copper and
zinc sulfonated phthalocyanines indicate that the phthalocyanines do not separate cleanly if they
are aggregated.
The difference in the structure of CuPcS(3444) and CuPcS(4444) was also indicated by
their spectra in DMSO. CuPcS(3444) appeared monomeric, with a peak at 675 nm, as reported
previously by Rusling and co-workers (Zelina et al., 1999). CuPcS(4444), in contrast, showed
only a small peak attributable to the monomer in DMSO (672 nm), with the majority of the
material giving a broad peak from 500 to 750 nm (Fig. 10B).
2.4.2 Mass Spectrometry. Mass spectrometry has been used to characterize sulfonated
phthalocyanines. A number of studies have only reported the parent ion, including those of
AlPcS2 via positive mode secondary ion MS (Beeby et al., 1992); ZnPcS4 via negative ion ESI
(Beeby et al., 2001); trisulfonated phthalocyanines and their zinc chelates via ESI and MALDI
(Kudrevich et al., 1997); and the alkylammonium salts of various metallo PcS using ESI
(Sanchez et al., 2001). In their characterization of AlPcS2 using negative ion FAB mass
spectrometry, Ambroz et al. observed the parent ion and reported extensive fragmentation
(Ambroz et al., 1991). Bressan and co-workers used positive ion ESI to characterize Ru(II)
tetrasulfophthalocyanine made via template-catalyzed condensation (Bressan et al., 2000). They
observed the parent tetrasulfonic acid as well as the parent with one, two, three, and four sodium
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ions. A peak attributed to five sodium ions was also observed. Smyth and co-workers have
investigated the mass spectrometry of CuPcS(3444) (Conneely et al., 2001). The ESI spectrum
showed the parent ion as a major peak at 896 and MSn consecutive losses of 64 (SO2), 80 (SO3),
80 (SO3) and 80 (SO3) Da. Electron autodetachment from NiPcS and ZnPcS has been studied by
FT-ICR (Arnold et al., 2003).
Herein, we used positive and negative ion mode ESI and MALDI to characterize the
sulfonated phthalocyanines. In general, negative ion MALDI conditions gave the best spectra. In
all cases, sodium salt peaks were seen. Peaks were often seen for loss of SO3, and sometimes for
loss of SO2 as well. Both CHCA and THAP matrices usually gave good spectra, although often
one was better than the other for a given compound. EDTA served to chelate any dications that
might induce aggregation. In a number of cases, the addition of EDTA gave clearer sodium salt
patterns, which helped in interpretation of the data.
Sulfonated phthalocyanine made via the Weber-Busch procedure (PcS4-WB) and via
sulfonation of phthalocyanine (PcS4-S) showed somewhat different mass spectra. The former
was largely the tetrasulfonic acid. The parent peak was at 834 Da, indicating that this was the
radical ion; Smyth and co-workers have observed radical ions in the mass spectra of sulfonated
copper phthalocyanines (Conneely et al., 2001). In contrast to PcS4-WB, PcS4-S showed peaks
appropriate for a pentasulfonic acid, indicating that one of the peripheral rings on the structure
had sulfonated more than once. Although a previous study has noted mixtures of a sulfonated
copper phthalocyanine that seem to have high levels of sulfonation (Oppenheimer, 1981), this is,
to our knowledge, the first report of mass spectral evidence for a pentasulfonic acid in a mixture
of sulfonated phthalocyanines. Sulfonation of aromatic rings can give species with more than
one sulfonic acid on a given ring (Cerfontain et al., 1994b). Porphyrins with more than one
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sulfonic acid per peripheral ring, made via sulfonation of the parent porphyrin, have been
reported (Hoffmann et al., 1990; Sutter et al., 1993; Rocha Gonsalves et al., 1996). It has been
reported that the Weber-Busch synthesis can give phthalocyanines with more than a total of four
sulfonic acids if some of the starting sulfonated phthalic acid derivative carries two sulfonic acid
groups (Sanderson, 2000).
ZnPcS4-WB gave peaks appropriate for the tetrasulfonic acid, as expected because this
molecule was made via template synthesis. ZnPcS4-I also showed peaks for the tetrasulfonic
acid, as well as its dimer. A peak corresponding to loss of 80 Da could either be loss of SO3
from the tetrasulfonic acid, or trisulfonic acid in the mixture. Of particular interest was a peak
that was appropriate for the pentasulfonic acid. This appeared both as a monomer and as a
dimer. A series of peaks appropriate for the mixed tetrasulfonic/pentasulfonic acid heterodimer
was also seen.
Mass spectrometry was used to compare CuPcS(3444) and CuPcS(4444). CuPcS(3444)
gave a spectrum readily attributed to the copper tetrasulfonated phthalocyanine. No loss of SO2
or SO3 was observed in either the positive or negative ion MALDI. Smyth and co-workers
previously observed peaks attributable to the loss of both SO2 and SO3 from CuPcS(3444)
(Conneely et al., 2001). Our mass spectrometry conditions appear to result in less fragmentation
than those of Smyth and co-workers.
CuPcS(4444) showed a very different mass spectrum than CuPcS(3444). A very large
number of peaks were observed, consistent with dimers bearing various numbers of sulfonic
acids, and the sodium salts corresponding to these species. Thus, the CE, UV/vis spectroscopy
and mass spectrometry are all consistent with the conclusion that CuPcS(4444) is a mixture of
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phthalocyanines, dominated by species with fewer than four sulfonic acids per ring. This
mixture is observed in the dimer/aggregated form by UV/vis, mass spectrometry and CE.
The negative ion MALDI mass spectrum of the sulfonated naphthyl porphyrin showed
peaks appropriate for the tetra- and pentasulfonic acids, as well as their homodimers and the
tetrasulfonic/pentasulfonic acid heterodimer. Small peaks for the trimers were also observed.
Formation of the pentasulfonic acid reflects the ease with which more than one sulfonic acid can
be added to the naphthyl system. Work of Cerfontain and colleagues has shown that the model
compound 2,2'-binaphthalene sulfonates initially at the 8-position, followed by sulfonation at the
8’ position, and then at the 6- or 4-positions. Six equivalents of SO3 (in CH2Cl2 at 22 °C, 40
min) gave only 9% of the species with one sulfonic acid on each ring, 34% of species with a total
of three sulfonic acids (two on one ring) and 57% of species with a total of four sulfonic acids
(two on both rings) (Cerfontain et al., 1994a). Thus, addition of more than one sulfonic acid to a
naphthyl ring is facile.
2.5 Conclusions. Capillary electrophoresis separation of sulfonated phthalocyanines is
substantially better at high than at low pH. In general, the compounds are aggregated under CE
conditions, making analysis of mixtures of compounds difficult. Using mass spectrometry,
evidence was found for a pentasulfonic acid for molecules synthesized by sulfonation of
phthalocyanine itself (PcS4-S and ZnPcS4-I). Spectra of dimers of the sulfonated
phthalocyanines were useful in characterizing the mixtures. Overall, both ESI and MALDI are
effective for mass spectral characterization of sulfonated phthalocyanines, with negative mode
MALDI usually giving the best data.
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Figure 2.1. Capillary electrophoresis separation of TPPS2a (4.0 min), TPPS3 (5.0 min) and
TPPS4 (6.4 min), pH 9.0 (≈ 10 µM porphyrin, 10 mM phosphate buffer, 30 kV).

36

Figure 2.2. Negative ion MALDI spectrum (CHCA) of T2NapS. Panel A shows the region corresponding to the monomer. Peaks for
the tetrasulfonic (♦) and the pentasulfonic acid (▲) as well as their sodium salts are seen. Panel B shows the region corresponding to
the dimer. Peaks for the homodimers of the tetrasulfonic (♦) and pentasulfonic acid (▲) as well as the heterodimer of the
tetrasulfonic/pentasulfonic acid (■) and their sodium salts are seen.
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Figure 2.3. Negative ion MALDI spectrum of PcS4. Panel A: PcS4-WB (THAP/EDTA). The
parent ion is seen (834), as are the mono-, di-, tri- and tetrasodium salts at intervals of +22 and a
peak consistent with loss of SO3 (754). Panel B: PcS4-S (CHCA). The parent ion is seen (834),
as are the mono- and disodium salts. The peaks at 911 - 914 and 933 - 936 are appropriate for
the pentasulfonic acid and its monosodium salt, respectively.
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Figure 2.4. Negative ion mode MALDI spectrum of CoPcS4 (CHCA). The parent ion is seen
(891), as are the dimer (1782) and peaks consistent with loss of SO2 (827) and SO3 (811).
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Figure 2.5. Capillary electrophoresis separation of ZnPcS3. Panel A: pH 9.0 (10 mM phosphate
buffer, 30 kV). Panel B: pH 2.5 (50 mM phosphate, -20 kV).
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Figure 2.6. Negative ion MALDI spectrum (CHCA/EDTA) of ZnPcS4-WB. The parent is seen
(896) as is the loss of SO3 (816).
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Figure 2.7. Negative ion MALDI spectrum (CHCA) of ZnPcS4-I. The region corresponding to
the monomer is shown. The mono- and disodium salts, as well as losses of SO2 and SO3 from
the parent ion, are seen. Peaks at 976 and 998 Da are consistent with the pentasulfonic acid and
its monosodium salt, respectively.
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Figure 2.8. Negative ion MALDI spectrum (CHCA/EDTA) of ZnPcS4-I. The region
corresponding to the dimer is shown. Peaks for the homodimers of the tetrasulfonic (♦) and
pentasulfonic acid (▲) as well as the heterodimer of the tetrasulfonic/pentasulfonic acid (■) and
their sodium salts are seen.
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Figure 2.9. Capillary electrophoresis of sulfonated copper phthalocyanines at pH 9.0 (10 mM
phosphate, 30 kV). Panel A: CuPcS(3444) (~ 2.5 x 10-5 M). Panel B: CuPcS(4444) (~ 2.5 x 10-4
M).
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Figure 2.10. UV-vis spectroscopy of sulfonated copper phthalocyanines. Left: CuPcS(3444), and right: CuPcS(4444). Top: DMSO,
and bottom: pH 9.0 buffer.
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CHAPTER 3
Introduction to the SiaA Protein

3.1 Features and Characteristics of Streptococcus pyogenes. S. pyogenes, also known as
Group A streptococcus (GAS), is a pathogenic Gram positive bacterium that generally grows in
elongated chains (Cunningham, 2000; Madigan et al., 2000). The thick cell wall of S. pyogenes
and other Gram positive pathogens allows them to survive in dry conditions outside a host for
long periods, which can increase the risk of infection. S. pyogenes is the upper respiratory
pathogen responsible for streptococcal pharyngitis (strep throat) (Cunningham, 2000). The toxin
it produces lyses red blood cells; infection is characterized by sore throat, enlarged tonsils,
sensitive lymph nodes, fever, and tiredness. It can also cause infection of the inner ear (otitis
media), mammary glands (mastitis), and superficial layers of the skin (impetigo) (Madigan et al.,
2000). A rare infection, necrotizing faciitis, the so-called “flesh-eating disease”, is caused by
systemic infection of S. pyogenes. The death rate is 30%. Rheumatic fever, an autoimmune
disease, can be caused by untreated or insufficient treatment of S. pyogenes infection (Madigan
et al., 2000). Rheumatogenic strains of the bacteria contain cell-surface antigens that can react
with specific host cell-surface antigens. The host response to the infection produces antibodies
that interact with host tissues such as the heart, joints, and kidneys, resulting in tissue
destruction. Acute glomerulonephritis is another delayed problem associated with S. pyogenes
(McArthur & Walker, 2006). This is an immune complex disease of the kidneys, resulting from
the formation of antigen-antibody complexes in the blood. These complexes become stuck in the
filtration membranes of the kidney, and can cause severe pain. S. pyogenes has been implicated
as a cause of toxic shock syndrome, a condition also associated with Staphylococcus aureus.
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There are over sixty strains of this bacterium. Reinfection by the same strain is rare, but damage
caused by an earlier strain can increase the likelihood of infection by a different strain.
Antibiotics are generally used to treat S. pyogenes infections, and it is necessary to diagnose and
begin treatment at the onset of symptoms, as infection can lead to other problems.
3.2 Properties of Iron and Heme. Iron in its various forms serves in many applications in
bacteria. It is found within cofactors and prosthetic groups of proteins, and is involved in
numerous processes stemming from its redox abilities. Some of these include oxygen and
electron transport, nitrogen fixation, protection against oxidants, and the regulation of cellular
iron uptake.
There are two main oxidation states of iron. One is Fe(III), the ferric form. This is the
form generally found outside of a biological entity. In this state it may be found as Fe(H2O)63+,
and is extremely insoluble (Braun & Killmann, 1999). Estimates of Fe(III) concentration vary;
Braun and Killmann have indicated that the free ferric iron concentration is only about 10-18 M at
pH 7. Ratledge and co-workers have reported that Fe(OH)2+ rather than Fe(OH)3 is the
predominant species, and its concentration is 1.4 x 10-9 M at pH 7 (Ratledge & Dover, 2000;
Chipperfield & Ratledge, 2000). However, the solubility of Fe(III) increases at low pH. At pH 3
for example, its solubility is 10-8 M, allowing it to be acquired by acidophilic bacteria. Fe(II),
the ferrous form, is more soluble than ferric iron, and thus can be actively taken up by anaerobic
bacteria (Braun & Killmann, 1999; Hantke, 2004).
Most iron in mammals is found in the cofactor heme (Hm) (Figure 3.1). Strictly
speaking, heme is the ferrous-containing species of protoporphyrin IX; however the term “heme”
is also used generically to define either the reduced or the oxidized protoporphyrin. Heme
belongs to a family of cyclic tetrapyrroles that also includes chlorophylls, corrinoids, and
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coenzyme F430. It has several biological functions (Poulos, 2007). Some of its active duties
include the roles it plays in peroxidases and cytochromes. Passive duties include its function as
an oxygen carrier, and its abilities to act as a gas sensor and as a regulatory molecule of gene
transcription.
Hemin is the oxidized form of Hm. The redox potential of Fe(II)/Fe(III) heme ranges
from 300 to -500 mV (Braun & Killmann, 1999). The redox potential depends on the
coordination number, pH, the type of ligands (e.g., Cys, His, Lys, Met, Tyr, Asn), and the protein
environment (e.g., α-helical, β-sheet, or mixed). Many bacteria not only require iron, but require
Hm as well due to their inability to synthesize this porphyrin (Stojiljkovic & Perkins-Balding,
2002).
3.3 Acquiring Iron and Heme. Nearly all organisms need iron to survive (Posey & Gherardini,
2000; Koster, 2001). In the mammalian host environment, about 99.9% of the total iron is
located within cells and is not generally available to bacteria (Bridges & Seligman, 1995).
Under certain circumstances within a host, such as erythrocyte lysis followed by hemoglobin
(Hb) lysis, free Hm can be found (Baker et al., 2003). However, it is usually taken up quickly by
the Hm binding protein hemopexin. Other extracellular iron and heme-containing proteins are
albumin, certain lipoproteins, haptoglobin (uptakes and transports free Hb to the liver),
transferrin (transports iron in blood), lactoferrin (transports iron in secretory fluids), and ferritin
(insoluble iron storage) (Bridges & Seligman, 1995; Stojiljkovic & Perkins-Balding, 2002).
The iron requirement per bacterial cell per generation is 105 - 106 ions (Braun &
Killmann, 1999). There are several ways Gram negative and positive bacteria employ to fulfill
this need. Siderophores are small, high-affinity iron-chelating molecules that are located on the
cell surface or excreted into the surrounding environment in order to capture iron and return it to
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a surface transport system (Braun & Killmann, 1999; Ratledge & Dover, 2000; Stojiljkovic &
Perkins-Balding, 2002; Raymond & Dertz, 2004; Miethke & Marahiel, 2007). A second way to
acquire iron is through the use of high-affinity surface receptors that bind transferrin and
lactoferrin (Braun & Killmann, 1999; Ratledge & Dover, 2000; Crosa et al., 2004; Miethke &
Marahiel, 2007). A third way of acquiring Hm iron is through the use of hemophores (Ratledge
& Dover, 2000; Wandersman & Stojiljkovic, 2000; Clarke et al., 2001; Stojiljkovic & PerkinsBalding, 2002; Wandersman & Delepelaire, 2004; Ascenzi et al., 2005; Cescau et al., 2007).
They are able to bind Hm and deliver it to a surface receptor. Hemophores are the focus of this
paper.
3.4 Heme ATP Binding Cassette Transporters.
3.4.1 General Properties of Heme ATP Binding Cassette Transporters. Heme iron can be
transported into the cell via heme ATP binding cassette (ABC) transporters. These transporters
utilize the energy of ATP to transport Hm into a cell (Higgins & Linton, 2001; Koster, 2001;
Clarke et al., 2001; Stojiljkovic & Perkins-Balding, 2002; Higgins & Linton, 2004; Davidson &
Chen, 2004; Jones & George, 2004; Linton & Higgins, 2007; Stieger & Higgins, 2007). They
are composed of a heme binding protein (HBP), a membrane permease, and an ATPase (Figure
3.2). An individual bacterial heme ABC operon typically codes for one HBP, and usually only
one permease and one ATPase, though there are exceptions (Perkins-Balding et al., 2004).
The HBP is generally membrane-anchored in Gram positive bacteria and periplasmic in
Gram negative bacteria; sequence homology can be found between both types of bacterial HBPs.
Most HBPs consist of two core domains bridged by a flexible linker. Quiocho and Ledvina
categorized HBPs according to the number of interdomain connections they contain: Group I
have three interdomain connections and Group II have two connections (Quiocho & Ledvina,
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1996). Recently, a third group of HBPs was identified; proteins in this group have domains
joined by an single α-helix (Borths et al., 2002; Karpowich et al., 2003; Eakanunkul et al., 2005;
Ho et al., 2007).
The HBP serves the same function in both Gram positive and negative bacteria (Clarke et
al., 2001; Koster, 2001; Perkins-Balding et al., 2004; Debarbieux & Wandersman, 2004). Once
loaded, the HBP delivers its Hm to the membrane permease, which is typically composed of
hydrophobic α-helical domains (Koster, 2001; Higgins & Linton, 2004; Perkins-Balding et al.,
2004; Linton & Higgins, 2007). The permease recognizes the heme-loaded HBP and provides a
pathway for the Hm to cross the membrane. Transport is powered by the hydrolysis of ATP via
the ATPase. This protein generally consists of two ATP binding domains. Heme ABC ATPases
have relatively high sequence identity, and ATPases in general are thought to be the most highly
conserved proteins in ABC transporters as compared to the binding and permease proteins
(Perkins-Balding et al., 2004; Linton & Higgins, 2007).
3.4.2 Gram Negative Bacteria Heme ABC Systems. The heme ABC systems of Gram
negative bacteria are found within the cytoplasmic membrane (Clarke et al., 2001; Koster, 2001;
Stojiljkovic & Perkins-Balding, 2002). Once Hm enters the periplasm, it is bound by the HBP of
the ABC system, which in most Gram negative bacteria is soluble (Koster, 2001). The HBP then
shuttles Hm to the membrane permease where it enters the cell.
The permeability limit of the Gram negative outer membrane is about 600 Da and
generally prevents hemophore passage through porins (Braun & Killmann, 1999). Thus, specific
pumps are required to introduce Hm into the periplasmic space. To bring substrate into the
periplasm, the bacteria rely on an outer membrane receptor and the TonB-ExbBD system (TonB)
(Braun & Killmann, 1999; Ratledge & Dover, 2000; Koster, 2001; Clarke et al., 2001;
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Stojiljkovic & Perkins-Balding, 2002; Wandersman & Delepelaire, 2004; Cescau et al., 2007;
Miethke & Marahiel, 2007). The TonB protein is located in the periplasm and is anchored to the
cytoplasmic membrane. It interacts across the periplasmic membrane with the outer membrane
Hm receptor. The ExbB and ExbD proteins are also located in the cytoplasmic membrane. The
TonB system uses ATP to mediate the transfer of Hm from the outer membrane to the periplasm.
3.4.3 Gram Positive Bacteria Heme ABC Systems. Gram positive bacteria are composed of a
thick outer cell wall consisting mainly of peptidoglycan. Beneath the cell wall lies the cell
membrane. The heme ABC systems for Gram positive bacteria are located in the cell membrane
(Schmitt, 1997; Drazek et al., 2000). The HBP is attached to the cell membrane by a lipoprotein
tail. Lipoprotein anchoring in Gram positive bacteria is thought to prevent the escape of cell
envelope proteins (Sutcliffe & Russell, 1995; Sutcliffe & Harrington, 2002). Sutcliffe and
Harrington describe the general anchoring process as being initiated by the secretion of a
prolipoprotein which contains a signal sequence at its N-terminal (Sutcliffe & Harrington, 2002).
This signal sequence is followed by a lipobox motif which contains a conserved cysteine.
Prolipoprotein diacylglycerol transferase catalyzes the formation of a thioether linkage between
the cysteine and a diglyceride. Lipoprotein signal peptidase II then removes the signal sequence.
3.5 Regulation of Transcription of Heme Acquisition Genes. Generally, expression of Hm
and iron uptake systems in Gram negative bacteria (and some Gram positive bacteria) is
negatively regulated by the Fur (ferric uptake regulation) protein (Ratledge & Dover, 2000;
Clarke et al., 2001; Hantke, 2001; Brickman et al., 2004; Payne et al., 2006; Lee & Helmann,
2007; Wyckoff et al., 2007; Vasil, 2007). For example, in E. coli, the Fur protein forms a
complex with Fe(II) (Earhart, 2004). This complex then binds to specific DNA sequences,
which are generally located within the promoter region (de Lorenzo et al., 2004). Transcription
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of iron uptake genes is repressed by blocking the attachment of RNA polymerase. In the Gram
positive C. diphtheriae, the analogous protein DtxR (diphtheria toxin repressor) has been found
(Braun, 1997; Ratledge & Dover, 2000; Hantke, 2001; Pennella & Giedroc, 2005; Bhattacharya
et al., 2007; D'Aquino et al., 2007). DxtR-like proteins have also been located in other Gram
positive bacteria. The DxtR and Fur families of proteins do not share homology, but they are
structurally similar and perform similar duties in Gram positive and negative bacteria,
respectively.
3.6 Related Binding Proteins.
3.6.1 Homologous Heme Binding Proteins.
Corynebacterium diphtheriae Heme Binding Protein. The Gram positive bacterium C.
diphtheriae is the causative agent of diphtheria (Popovic et al., 2000). Despite immunization
programs, this disease is still prevalent in developing countries (Mattos-Guaraldi et al., 2003).
HmuT is a 37 kDa heme transport lipoprotein produced by this bacterium (Drazek et al., 2000).
It is encoded by the hmu (heme utilization) operon, which transcribes an ABC heme transporter.
Sequence analysis of HmuT indicated that it is homologous with several Gram negative hemebinding transport proteins. Drazek et al. overexpressed HmuT in E. coli and C. diphtheriae
(Drazek et al., 2000). HmuT was found in the protein milieu of the fractionated cell membranes
of both species. When all proteins were chromatographed via affinity hemin-agarose, HmuT
remained bound whereas the other membrane-associated proteins washed away. Free hemin
could not compete with the resins for HmuT binding; the authors suggest this may be due to the
insolubility of hemin at physiological pH. In contrast, Hb-agarose chromatography showed that
free hemoglobin was able to compete with the resins for HmuT.
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Corynebacterium ulcerans Heme Binding Protein. C. ulcerans is a Gram positive bacterium
that can cause a diphtheria-like disease (Schmitt & Drazek, 2001). Like the related species C.
diphtheriae, C. ulcerans produces HmuT from a similar operon. An immublot assay was
performed which showed that HmuT was present in whole cell lysates (Schmitt & Drazek, 2001)
C. ulcerans HmuT was found to bind hemin and hemoglobin, as demonstrated by incubation of
HmuT with a hemin or hemoglobin- agarose resin (Drazek et al., 2000; Schmitt & Drazek,
2001). Schmitt and Drazek found that the hmuT gene was necessary for hemin uptake. This is in
contrast to C. diphtheria, where inactivation of the hmuT gene did not result in the full loss of
hemin utilization. Analyses of three hemin/hemoglobin mutants showed that the presence of
hmuT and hmuU were required to partially restore uptake ability in two of the mutants, while in
the third full recovery was only achieved when hmuTUV were present (Drazek et al., 2000).
Staphylococcus aureus Heme Binding Proteins. In the Gram positive S. aureus bacterium, the
isd (iron-regulated surface determinant) operon controls Hm transport through the cell membrane
(Perkins-Balding et al., 2004; Skaar & Schneewind, 2004; Maresso & Schneewind, 2006). IsdE
is the Hm binding lipoprotein transcribed by isd (Mazmanian et al., 2003), and is controlled by
the Fur protein (Di Lorenzo et al., 2004; Skaar & Schneewind, 2004). IsdE is located between
the cytoplasmic membrane and the cell wall envelope as evidenced by lack of digestion by
proteinase K (Mazmanian et al., 2003). Upon removal of the cell wall envelope with
lysostaphin, IsdE was destroyed by proteinase K. IsdE fused to glutathione S-transferase showed
an absorption Soret band at 408 nm, typical of proteins containing an oxidized Hm (Perutz,
1979).
Mack et al. studied non-purified IsdE protein using absorption spectroscopy and
magnetic circular dichroism (MCD) techniques (Mack et al., 2004). Absorption spectroscopy
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showed a Soret peak at 425 nm and α- and β-peaks at 559 and 529 nm, respectively. These were
taken to be diagnostic for the Fe(II) oxidation state (Pond et al., 2000). MCD spectral markers
indicated a mixture of Fe(II) and Fe(III) heme. The data presented was acquired using cell
lysates, though Mack et al. report that the purified protein yielded similar results.
The crystal structure of the soluble portion of IsdE has been solved to 2.15 Å (Grigg et
al., 2007). The heme axial ligands are Met78 and His229. Approximately 19% of the Hm
surface area is solvent exposed, and the propionate groups are mainly buried within the protein.
The protein is bilobal and belongs to the Group III family of Hm transport proteins. An
extensive hydrogen bonding network exists within the Hm pocket. His229 hydrogen bonds to
Glu265 via water. This same Glu also hydrogen bonds directly with Tyr61 and Lys62. Lys62
hydrogen bonds to a water molecule, which hydrogen bonds to both propionates. One of the
propionates hydrogen bonds directly to Val41 and Ala42. The second propionate directly
hydrogen bonds to Ser60 and Tyr61. Thr40 and Thr271 also hydrogen bond to this propionate
via a single water molecule.
Mutation of each axial ligand with alanine decreased Hm binding, and a double mutant
completely eliminated binding (Grigg et al., 2007). Mutation of other residues associated with
hydrogen bonding adversely affected Hm binding. An isdE knock-out mutant was able to grow
on hemin as the sole source of iron, though at a reduced rate, suggesting the presence of another
Hm transporter. Further growth studies using both single mutants showed that His was essential
for growth, while Met was not as essential.
A putative second heme ABC transporter has also been identified in S. aureus, HtsABC
(heme transport system ABC) (Skaar et al., 2004; Maresso & Schneewind, 2006). HtsA is
believed to be the Hm binding lipoprotein, sharing a similar role with IsdE (Liu et al., 2008).
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However, it shares little sequence similarity with IsdE; Grigg et al. have suggested that if it is a
Hm binding protein, the binding pocket may be different (Grigg et al., 2007).
Yersinia enterocolitica Heme Binding Protein. This Gram negative bacterium is responsible
for gastroenteritis (Wren, 2003; Sharma et al., 2003; Bruneteau & Minka, 2003; Perry, 2004), a
potentially fatal condition in post-transfusion septic shock (Perry, 2004). The Hm transport ABC
system is transcribed by the hem operon, which is composed of HemTUV (Perkins-Balding et
al., 2004). Through mutagenesis studies, Stojiljkovic and Hantke showed that HemT is not
mandatory for Hm uptake (Stojiljkovic & Hantke, 1992), whereas the HemUV proteins are
required (Stojiljkovic & Hantke, 1994).
Yersinia pestis Heme Binding Proteins. Y. pestis is the Gram negative bacterium that causes
bubonic plague (Ratledge & Dover, 2000). The hmu operon encodes the HmuTUV proteins
responsible for Hm transport through the inner membrane (Thompson et al., 1999). Perry and
co-workers conducted mutagenesis studies on these three hmu genes encoding the heme ABC
system. HmuT and the associated ABC proteins were necessary for the use of hemin, heminalbumin, and myoglobin. Hemoglobin, hemoglobin-haptoglobin, and Hx were not utilized by
HmuTUV proteins. It was also determined that the promoter for the ABC system is not
significantly regulated by inorganic iron and the Fur protein.
HasA genes homologous to those found in S. marcescens have been identified (HasAyp)
via sequence analysis (Rossi et al., 2001). HasAyp was isolated using a technique similar to that
of Létoffé et al. during their identification of HasA in P. aeruginosa (Létoffé et al., 1998).
HasAyp expressed in E. coli was found to be regulated via Fur. Hmu and HasAyp double mutants
showed no decrease in bacterial virulence using a mouse model.
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Bradyrhizobium japonicum Heme Binding Protein. B. japonicum is a Gram negative, nitrogen
fixing bacterium of soybeans (Nienaber et al., 2001). HmuTUV, the ABC heme uptake system,
is encoded by hmu. HmuT is the predicted periplasmic HBP produced by this species. Via
mutagenesis studies, Fischer and co-workers showed that HmuTUV was not necessary for Hm
uptake or acquisition from Hb or leghemoglobin, though increased uptake was achieved when
these proteins were present. Maximum expression of the HmuTUV transport proteins was
induced under iron-limiting concentrations.
Vibrio anguillarum Heme Binding Protein. This Gram negative bacterium is one of the
leading causes of vibriosis in fish, molluscs, and crustaceans (Mazoy & Lemos, 1996; Mazoy et
al., 2003). V. anguillarum can use iron from Hm, Hb, and hemoglobin-haptoglobin. HuvB is the
Hm binding protein associated with an inner membrane ABC system (Mouriño et al., 2004;
Mouriño et al., 2006). In-frame deletions of HuvB were created and when the mutants were
grown only with hemin or Hb as a source of iron, it was found that bacterial growth decreased
(Mouriño et al., 2004). Results were similar when deletions were performed on the other units of
the ABC system. Mouriño et al. report that the entire ABC system, composed of HuvBCD, is
needed for bacterial growth when hemin or Hb are the sole sources of iron.
Vibrio cholerae Heme Binding Protein. V. cholerae is the Gram negative bacterium
responsible for cholera, a potentially fatal water borne disease that can cause severe dehydration
(Sack et al., 2004; Faruque et al., 2004). It is able to use Hm and Hb as its sole source of iron
(Stoebner & Payne, 1988). It is also capable of removing iron from Hm and transporting it into
the cell or importing the entire Hm molecule (Henderson & Payne, 1993). HutB is a 26 kDa a
periplasmic protein associated with the inner membrane and is thought to be a Hm binding
protein (Occhino et al., 1998). Occhino et al. found that mutations of HutB expressed in E. coli
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decreased bacterial growth in hemin agar to background levels. However, mutations of HutB in
V. cholerae had a minimal effect, and the presence of other TonB-dependent Hm transport
systems have been identified in other work (Wyckoff et al., 2007). HutB is associated with
HutCD, which are two cytoplasmic permeases. The operon is regulated by the Fur protein
(Henderson & Payne, 1994).
Porphyromonas gingivalis Heme Binding Proteins. This Gram negative oral bacterium is one
of the causes of gingivitis, a disease affecting the gums and tissues of the mouth (Olczak et al.,
2005). P. gingivalis uses Hm as its major iron source. HtrA is a protein that contains a binding
motif similar to other Gram negative HBPs, and has a 16 residue leader sequence as well as a
peptidase I consensus sequence (Slakeski et al., 2000). mRNA analysis via the RT-PCR
determined that htrA is part of the htrBCD operon which encodes a putative ABC system.
Dashper et al. have investigated the iht open reading frame, which contains ihtCDE.
IhtC, the proposed HBP, contained a putative leader sequence region that had identity to other
iron binding motifs of Gram negative bacteria. Sequence analysis suggests that IhtE and IhtD
are the ATPase and permease encoded by the iht operon, respectively (Hendtlass et al., 2000;
Dashper et al., 2000).
Plesiomonas shigelloides Heme Binding Protein. P. shigelloides is a Gram negative pathogen
responsible for such diseases as gastroenteritis, and conditions resembling shigellosis and cholera
(Daskaleros et al., 1991; Henderson et al., 2001). This bacterium has also been implicated in
non-intestinal infections such as bacteremia and meningitis.
P. shigelloides is able to use Hm and Hb as sole sources of iron (Daskaleros et al., 1991).
HugB is proposed to be a periplasmic HBP based on amino acid sequence analysis (Henderson et
al., 2001). DNA sequence analysis indicated that the hugB gene is co-transcribed with hugCD,
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which are downstream from hugB. Based on this analysis and the presence of Walker motifs,
Henderson and co-workers suggested that HugBCD is an ABC transporter system. They found
that HugBCD were not required for heme iron use.
Shigella dysenteriae Heme Binding Protein. S. dysenteriae is the organism responsible for
dysentery (Payne & Mey, 2004). The heme ABC transport system is composed of the ShuTUV
proteins. ShuT is the HBP of the system and weighs 28.5 kDa. It binds one 5-coordinate b-type
Fe(III) heme (Eakanunkul et al., 2005). Biophysical studies on two single tyrosine mutants and a
double tyrosine mutant indicated that Tyr94 was the axial ligand and that Tyr228 stabilizes
heme-bound ShuT, though the latter does not directly interact with the Hm iron.
The crystal structure of heme-free and partially loaded ShuT has been collected at a
resolution of 2.0 Å, and the axial ligand was confirmed to be Tyr67 (Ho et al., 2007). Depending
on the particular crystal, the hydroxyl group of Tyr67 pointed either in or out of the pocket in the
heme-free protein. In some crystals where heme was partially bound (not completely in the
binding pocket), the hydroxyl group pointed towards the binding pocket. This was also observed
in a few heme-free crystals. The structure also revealed that ShuT belongs to the Group III
binding family of proteins and each lobe of ShuT consists of a five-stranded β-sheet flanked by
α-helices. No significant conformational change was seen upon Hm binding, other than in the
binding pocket.
Kinetics of Hm binding and release were measured via UV-visible and fluorescence
spectroscopy, and were analyzed assuming first-order reaction kinetics (Eakanunkul et al., 2005).
The rate of Hm transfer from WT ShuT-Hm to apomyoglobin (Kd = 10-14 M) was 4 x 10-5 s-1
using a 5:1 molar excess of apomyoglobin. The transfer rates of the Y94A, Y228F, and
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Y94A/Y228F mutants to apomyoglobin were 0.59, 0.0174, and 0.16 s-1, respectively. Kd values
of 26, 11.7, and 52.2 µM were determined for Y94A, Y228F, and Y94A/Y228F, respectively.
Serratia marcescens Heme Binding Proteins. One HBP responsible for acquiring Hm in this
Gram negative organism is the 19 kDa protein HasA (heme uptake system A) (Létoffé et al.,
1994; Izadi et al., 1997; Cescau et al., 2007). HasA is part of an ABC transporter composed of
HasD (ATPase) and HasE (membrane permease) (Binet & Wandersman, 1996). HasA does not
contain a signal peptide, and is secreted with the assistance of SecB, a chaperone protein that
prevents the intracellular folding of HasA (Delepelaire & Wandersman, 1998; Sapriel et al.,
2003). Once excreted, it then captures free Hm or extracts it from a hemoprotein, and delivers it
to the outer membrane receptor HasR (Ghigo et al., 1997).
The association between HasA and HasR is heme-independent (Létoffé et al., 2001).
Delepelaire and co-workers have shown that Hm is transferred from holoHasA to apoHasR and
that HasA-HasR interactions mediate this transfer (Izadi-Pruneyre et al., 2006). ITC binding
studies using HasR mutants showed that two conserved histidine residues, His189 and His603,
were involved in Hm uptake. Single and double mutations of these histidines were created.
HoloHasA could not transfer Hm to the HasR mutants, though a complex could still be formed.
The single mutants were able to take up free Hm with a decreased efficiency compared to the
WT protein; however, the double mutant was unable to bind heme. These results, combined with
the rR and absorbance signatures, suggested that these two histidines were the axial ligands of
HasR.
Hemin binding has been measured via absorbance and fluorescence spectrometries (Izadi
et al., 1997). Titration of apoHasA with hemin produced a Soret band at 407 nm and Hm was
found to bind HasA in a 1:1 ratio. EPR spectra showed the presence of a ferric Hm and that the
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axial ligands were histidines. The absorbance spectrum of the pyridine hemochrome revealed a
b-type heme. The redox potential was determined to be -550 mV vs. SHE.
The crystal structure of HasA has been collected at a resolution of 1.77 Å (Arnoux et al.,
1999; Arnoux et al., 2000). It was found to be a two-faced globular protein composed of four αhelices on one side and six β-sheets on the other side (Arnoux et al., 1999). Crystallography and
1

H NMR indicated that geometric isomers were present in which the heme is rotated 180° around

the α-γ meso heme axis (Arnoux et al., 2000; Wolff et al., 2002). Crystallography indicated a
ratio of about 1:1 and NMR indicated a 7:3 ratio of the two isomers. His32 and Tyr75 are the
heme axial ligands (Arnoux et al., 1999). His83, near the Hm binding pocket, has been shown to
stabilize the Tyr75-Fe bond and may indirectly alter the affinity of Hm for HasA (Arnoux et al.,
1999; Létoffé et al., 2001; Deniau et al., 2003).
Létoffé et al. (Létoffé et al., 2001) and Deniau et al. (Deniau et al., 2003) have
investigated the hemin dissociation constants from WT HasA, and single, double and triple
mutants of the axial ligands and His83A, which is also located in the binding pocket and
hydrogen bonds to Y75. Binding constants determined via UV-visible spectroscopy for the WT
and the H32A mutant were determined to be >109 M-1. Ka for the Y75A and H83A single
mutants were 2.0 ± 1.2 x 108 and 7.8 ± 9.8 x 108 M-1, respectively (Létoffé et al., 2001). Using
ITC, the affinity constants for the WT, H32A, Y75A, and H83A were determined to be 5.3 ± 1.6
x 1010, 1.0 ± 0.4 x 1010, 1.3 ± .3 x 108 and 2.0 ± 0.2 x 108 M-1, respectively (Deniau et al., 2003).
Decreased binding affinity was also determined for all other mutants, regardless of technique.
In recent work, genes encoding HemTUV have been located in S. marcescens (Létoffé et
al., 2008). HemT shares 72%, 37%, and 33% identity with HemT proteins from Y.
enterocolitica, S. dysenteriae, and P. aeruginosa, respectively. Various concentrations of heme
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were incubated with HemT for 30 min, and the solutions electrophoresed via non-denaturing
PAGE. After transfer to nitrocellulose film, heme-bound protein was visualized via enhanced
chemiluminescence. A heme dissociation constant of less than 10-6 M was estimated.
Pseudomonas aeruginosa Heme Binding Proteins. PhuT (Pseudomonas heme uptake T) is a
31 kDa protein required for Hm and Hb uptake in P. aeruginosa (Ochsner et al., 2000). It is
associated with the phuRSTUVW operon, where PhuU and PhuV are the membrane permease
and ATPase, respectively. Deletion mutations of the phuR gene and phuSTUVW operon
significantly reduced growth when Hm or Hb were the only sources of iron; however the
presence of some growth suggested an alternative Hm or Hb uptake pathway.
UV-visible spectroscopy showed a Soret peak of purified PhuT at 400 nm with β-and αbands appearing at 500 and 534, respectively (Tong & Guo, 2007). A third band at
approximately 624 nm was also seen. Addition of dithionite resulted in a decrease and red shift
of the Soret band to 420 nm, red shifts of the β- and α-bands to 560 and 589 nm, respectively,
and the disappearance of the band at 624 nm. Absorbance spectroscopy and EPR indicated that a
five-coordinate, ferric center was present. The observation that PhuT can be reduced with
dithionite but not DTT or ascorbate suggests that the redox potential is < -300 mV (vs. SHE).
CD data showed that a conformational change occurred upon Hm binding to apoPhuT. The Kd
for Hm binding was determined to be 1.2 nM via fluorescence. PhuT was also capable of
binding protoporphyrin IX, with a Kd of 14 nM. The holoprotein was able to transfer Hm to
apomyoglobin as measured via absorbance spectroscopy. Mutagenesis studies indicated that
tyrosine was the axial ligand (Tong & Guo, 2007), and the crystal structure of the heme-loaded
protein, resolved to 2.0 Å, has confirmed this ligation (Ho et al., 2007). The heme propionate
groups are pointing towards the protein surface and are bent to opposite sides of the plane of the

67
heme. Arg73 hydrogen bonds to one propionate while Arg228 hydrogen bonds to the other.
PhuT is a Group III binding protein with regards to structure (Quiocho & Ledvina, 1996).
A gene encoding HasA has been identified in P. aeruginosa, similar to that found in S.
marcescens (Binet & Wandersman, 1996; Ghigo et al., 1997; Létoffé et al., 1998). It was
expressed under iron-depleted conditions in a P. aeruginosa strain (K372) lacking a major
siderophore gene, and was identified using anti-HasA antibodies on a Western blot (Létoffé et
al., 1998). This protein, HasAp, shares about 50% identity to HasA of S. marcescens. Like
HasA, HasAp does not have an N-terminal signal peptide. HasAp was expressed and secreted
from a recombinant S. marcescens Has transporter in E. coli, and was able to bind Hm as
evidenced from hemin-agarose affinity chromatography.
HasA and HasAp expressed from their native species were both shorter than when
expressed in E. coli (Ghigo et al., 1997; Létoffé et al., 1998). Both of these shorter proteins were
able to bind Hm. HasA, expressed in either its native species (short form) or in E. coli (long
form), was able to extract Hm from Hb, and transfer it to HasR expressed in E. coli. HasAp
produced in E. coli (longer form) was able to extract Hm from Hb, but was unable to transport it
to E. coli HasR. HasAp produced in P. aeruginosa (shorter form) was able to both extract Hm
and transport it to E. coli HasR, but not as efficiently as HasA.
3.6.2 Homologous Non-Heme Binding Proteins.
Escherichia coli BtuF Cobalamin Binding Protein. BtuF is a cobalamin ABC transport
protein produced in Salmonella typhimurium and E. coli (Van Bibber et al., 1999; Locher, 2004;
Locher & Borths, 2004). Mutagenesis studies conducted by Van Bibber et al. found that S.
typhimurium BtuF is involved in cobalamin transport from the periplasm to the cytoplasm via its
association with BtuC2 (homodimer membrane permease) (Van Bibber et al., 1999; Borths et al.,
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2005). BtuC2 is associated with BtuD2 (homodimer ATPase). Cadieux et al. characterized BtuF
in E. coli and determined a cobalamin binding constant of approximately 15 nM (Cadieux et al.,
2002). BtuF, BtuC, and BtuD deletion mutations resulted in cobalamin concentrating in the
periplasm, and that all three proteins were required for cobalamin uptake into the cytoplasm.
The crystal structure of BtuC2D2 from E. coli was resolved to 3.2 Å by Locher and Rees
and co-workers (Locher et al., 2002; Locher & Borths, 2004). They proposed a mechanism in
which BtuF interacts with BtuCD during cobalamin transport. In their model, BtuF associates
with BtuC2, and the two BtuD subunits come together by pivoting up toward the periplasm.
BtuD2 is closely associated with BtuC2 via a hinged, clothes-pin type juncture, and its pivoting
results in the closing of the two BtuC subunits around cobalamin. A stable complex between the
BtuF and BtuCD units was verified via SDS-PAGE.
Rees and co-workers determined the crystal structure of BtuF to 2.0 Å (Borths et al.,
2002), which showed that BtuF was a bilobal protein connected by one α-helix, with a binding
cleft between the two lobes, which identified it as a Group III heme binding protein (Quiocho &
Ledvina, 1996; Borths et al., 2002). Rees and co-workers also proposed a docking mechanism in
which two glutamate residues on BtuF associate electrostatically with arginine residues on BtuC.
Crystallographic evidence showed that the glutamate residues are approximately 46 Å apart, with
the binding cleft centered between them. The two positively charged pockets on BtuC are
approximately 48 Å apart, and contain two arginine residues in one pocket and one in the second
pocket. Computer simulations showed that aligning the negative and positively charged areas
resulted in the cobalamin cleft being located above the entrance of the permease. Hvorup et al.
have also seen evidence for this association using crystallography (Hvorup et al., 2007).
Sequence alignment has shown that the glutamate and arginine residues are conserved among
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numerous iron and cobalamin transporters, and Borths et al. have suggested that their presence
may create BtuF-BtuC salt bridges, which could be crucial for the docking of BtuF to BtuC
(Borths et al., 2002).
Karpowich et al. have determined the crystal structure of E. coli BtuF at 3.0 Å resolution
in the apo form, and 2.0 Å in the holo form (Karpowich et al., 2003). Karpowich et al. suggested
that a conformational change caused by the unwinding of the C-terminal α-helix upon BtuF
binding to BtuC may trigger the transport of cobalamin from BtuF to BtuC.
Oloo and Tieleman have conducted computer simulations that indicate the binding of one
ATP to one BtuD subunit may cause both BtuD subunits to come together (Oloo & Tieleman,
2004). This in turn may trigger a conformational change in the BtuC transmembrane domain,
which could create a passage for cobalamin to enter the cell. Their computer simulations also
indicate that while ATP is tightly bound to one BtuD subunit, the binding site of the second
BtuD subunit may be open and possibly empty. Oloo and Tieleman have suggested that ATP
hydrolysis alternates between the two BtuD binding sites.
Ivetac et al. have performed molecular simulations indicating that a change occurs when
BtuF docks with BtuCD. Their results have indicated that the opening of the BtuF binding site is
coupled with the closing of both BtuD moieties mediated through the BtuC moieties (Ivetac et
al., 2007). They proposed that BtuF may indirectly stabilize the transition state of ATP
hydrolysis while at the same time releasing cobalamin to BtuC. BtuD2 closure via ATP binding
could bring the catalytic regions of each BtuD together and thus create conformational changes
in BtuC, in agreement with the findings of Oloo and Tieleman (Oloo & Tieleman, 2004).
Molecular simulations performed by Kandt et al. have indicated that the holoBtuF
binding pocket cycles through open and closed conformations, with the closed conformation
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being predominant (Kandt et al., 2006). In the absence of ligand the pocket also fluctuates, but
tends more towards the open conformation, and has a larger range of motion than holoBtuF.
Escherichia coli FhuD Ferrichrome Binding Protein. FhuD (ferric hydroximate uptake D) is
a 29.7 kDa periplasmic binding protein that binds ferrichrome and other Fe(III) hydroximates
(Rohrbach et al., 1995; Braun & Braun, 2002; Garcia-Herrero et al., 2007). It is associated with
FhuCB, where FhuC and FhuB are the ATPase and membrane permease, respectively (Braun et
al., 2004; Carter et al., 2006).
The crystal structure of FhuD with gallichrome (1.9 Å) revealed two domains connected
by a single helix, indicating that FhuD is a member of the Group III binding proteins (Quiocho &
Ledvina, 1996; Clarke et al., 2000; Braun & Braun, 2002; Braun et al., 2004). Arginine and
tyrosine are in direct contact with the siderophore hydroximate moieties via hydrogen bonding
(Clarke et al., 2000; Clarke et al., 2001).
Dissociation constants were determined to be 0.3, 0.4, 1, and 5.4 µM for ferric coprogen,
ferric aerobactin, ferrichrome, and albomycin, respectively (Rohrbach et al., 1995). Mutations of
tryptophan, alanine, and phenylalanine (W68L, A150S, and P175L, respectively) increased
dissociation constants.
Campylobacter jejuni CeuE Enterobactin Binding Protein. CeuE is an α-helical periplasmic
ferric enterobactin-binding protein (Muller et al., 2006; Garcia-Herrero et al., 2007). The crystal
structure at 2.4 Å resolution revealed a dimer with two iron mecams [1,3,5-N,N’,N’’-tris(2,3dihydroxybenzoyl)triaminomethylbenzene] bridging the individual binding pockets of the
protein, a structure similar to that of FhuD of E. coli (Muller et al., 2006).
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3.7 Streptococcus pyogenes sia Operon and Iron Usage Studies. The sia (Streptococcal iron
acquisition) operon has been identified and characterized by Bates et al. (Bates et al., 2003) and
Lei et al. (Lei et al., 2002; Lei et al., 2003), the latter group designating the operon as hts, for
heme transport S. pyogenes. The identification of N- and C-terminal putative termination signals
and a DtxR-like promoter signal have indicated that the sia operon is a ten-gene cluster and
contains the siaABC genes encoding an ABC heme transport system (Figure 3.3 operon) (Lei et
al., 2002; Bates et al., 2003). The genes appear to be co-transcribed, as evidenced by the fact
that mutation of the shr gene (a member of the operon located upstream of siaA), resulted in a
significant decrease in sia gene transcription (Lei et al., 2002). RT-PCR analysis of cDNA from
siaD and siaH also suggested that the sia genes are transcriptionally linked (Bates et al., 2003).
Homology studies have indicated that SiaA is homologous with other HBPs (Bates et al.,
2003). The first 20 residues transcribed by the siaA gene have the characteristics of a lipoprotein
signal sequence, and contain the LVAC sequence recognized by signal peptidase II. A region
found in the N-terminal of SiaA also contains a signature sequence found in iron binding
proteins. SiaA (with its signal sequence) expressed in both S. pyogenes and E. coli was found
only in the membrane fractions, confirming the location of SiaA and the function of the Nterminal as a lipoprotein anchor. Studies by Musser and co-workers agreed with these results
(Lei et al., 2003).
SiaB and siaC were found to have high homology to genes transcribing for membrane
permeases and ATPases, respectively, of known ABC systems (Bates et al., 2003; Lei et al.,
2003). Other genes in the operon include shp, located on the 5’-end of siaA, and shr, located
upstream of shp and separated from it by approximately 200 DNA base pairs (Lei et al., 2002;
Bates et al., 2003). The product of shr was determined to be a hemoprotein receptor (Bates et
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al., 2003). It was found to bind Hb, myoglobin, heme-albumin and hemoglobin-haptoglobin but
not apohaptoglobin or fibrinogen. The genes siaD and siaE (Spy1791 and Spy1790,
respectively) are found on the 3’-end of siaC. These are thought to code for permeases and ATP
binding proteins, respectively. SiaD and SiaE share homology with CydC and CydD,
respectively (Bates et al., 2003), ABC transporter proteins found in E. coli responsible for
transporting reducing agents such as cysteine and glutathione to the periplasmic space (Poole et
al., 1993; Cruz-Ramos et al., 2004; Pittman et al., 2002; Pittman et al., 2005). Based on
sequence homology analysis, siaF and siaG (Spy1789 and Spy1788, respectively) are thought to
code for membrane proteins, and siaH (Spy1787) is thought to code for an ATP binding protein
(Bates et al., 2003).
Iron and its effect on sia locus expression was investigated (Bates et al., 2003). RNA slot
blot analysis was performed to determine sia expression in the presence and absence of iron
using 0.4 and 2 µg of mRNA mixture from shr and siaA, B, and C. mRNA expressed in the irondeplete medium was 3 - 4 times higher than that expressed in iron-replete medium. When ironrestricted media was supplemented with 8 µM Hb, a decrease in operon expression occurred,
suggesting that the sia locus is negatively regulated by iron.
A shr mutant (pCB2) created by insertion of an antibiotic marker within the shr gene
resulted in a significant reduction in transcription of siaA and siaB as evidenced by slot blot
analysis (Bates et al., 2003). No expression of SiaA was detected via Western blot from this
mutant strain, providing additional evidence of transcriptional linkage. Hb binding assays with
the shr mutant showed a 40% decrease in binding. Bates et al. suggested that the sia operon is
involved in Hb binding; however other streptococcal proteins may be at work as Hb binding was
not totally eliminated. Transcription of the siaA gene has also been measured by Lei et al. (Lei et
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al., 2003). S. pyogenes grown in human blood alone had 5-fold higher siaA transcripts than
when grown in Todd-Hewitt media supplemented with yeast.
3.8 Growth Studies. S. pyogenes growth can be supported by hemin and various hemoproteins
(Lei et al., 2002; Bates et al., 2003; Lei et al., 2003; Heinrichs et al., 2004; Liu & Lei, 2005). S.
pyogenes is not known to produce siderophores, so it most likely captures heme from
hemoproteins using a protein-based acquisition system (Heinrichs et al., 2004). S. pyogenes
growth on solid medium was studied by Eichenbaum and co-workers (Eichenbaum et al.,
1996b). Bacteria were grown overnight at 37 °C on multiple agar plates, each with a different
source of iron. All plates contained the iron-chelating agent nitrilotriacetic acid (NTA). Ferric
citrate, ferric sulfate, ferritin, hemin, Hb, myoglobin, and catalase were able to promote growth.
Transferrin, lactoferrin, and cytochrome c did not promote growth. Lactoferrin was able to bind
to the bacteria; however, the authors suggested this may be due to nonspecific binding as
lactoferrin did not support growth under iron-restricted conditions.
The effects of iron starvation on S. pyogenes have been investigated (Eichenbaum et al.,
1996a). NTA or NTA supplemented with iron in the form of ferric sulfate or ferric citrate was
added to broth and bacterial growth was measured via optical density. Media containing NTA
alone caused a significant decrease in the cell growth rate when added during the log growth
phase. Growth was not reduced in media containing NTA with ferric sulfate or ferric citrate.
The growth rate of the latter was the same as the control culture which contained bacteria and
broth alone. Bacterial growth in broth containing NTA and non-iron bivalent cations such as
MgCl2, MnCl2, CaCl2, and ZnCl2 was inhibited as measured by optical density (Bates et al.,
2003). Liquid media containing NTA was also supplemented with Hb, whole sheep blood, horse
serum, heme-BSA, ferric citrate, or horse serum/ferric citrate. Hemoglobin, heme-albumin, and
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whole sheep blood were found to promote growth under these conditions. Partial growth was
observed with the other heme sources.
3.9 Whole Cell Heme and Hemoprotein Binding Studies. The ability of S. pyogenes surface
proteins to bind hemoproteins, heme, and hemin has been investigated (Bates et al., 2003; Lei et
al., 2003; Liu & Lei, 2005; Nygaard et al., 2006a). For Hb studies, Eichenbaum and co-workers
filtered different strains (SF370, JRS4, GA01398, GA05982, and DH5α) of S. pyogenes onto a
nitrocellulose membrane (Bates et al., 2003). Biotinylated Hb was blotted and binding was
visualized using a streptavidin alkaline phosphatase reporter system. All strains appeared to bind
Hb. Using the same method, heme-albumin and myoglobin were found to bind to S. pyogenes;
lactoferrin bound poorly and transferrin did not bind at all. The ability of hemin to bind whole S.
pyogenes cells was also measured based on the natural peroxidase activity of heme (Mazoy &
Lemos, 1996; Bates et al., 2003). Membrane-blotted cells using the same strains were incubated
with 10 µM free heme and visualized by staining with methoxybenzidine buffer containing
hydrogen peroxide (Bates et al., 2003). All strains bound hemin.
Whole cells were also treated with the digestive enzyme proteinase K to observe changes
in binding capability of hemoprotein surface receptors (Bates et al., 2003). Hemoglobin and
heme-albumin binding were significantly reduced (60 ± 9%), while a smaller reduction in hemin
binding was observed (19 ± 3%).
3.10 SiaA in vitro Heme and Hemoprotein Binding Studies. The ability of SiaA to bind
hemoproteins in vitro was evaluated (Bates et al., 2003). A recombinant SiaA protein containing
an N-terminal six-histidine tag without its native lipoprotein tail was expressed. SiaA was
transferred to a nitrocellulose membrane and incubated with biotinylated Hb, myoglobin, and
hemoglobin-haptoglobin. As a control, SiaA was incubated with transferrin and biotinylated
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fibrinogen. Binding was visualized using a streptavidin alkaline phosphatase reporter system.
Western blot showed that SiaA bound biotinylated Hb alone. SiaA did not bind biotinylated
fibrinogen; the authors stated that this demonstrates that SiaA also did not recognize the
biotinylated group on Hb. The experiment was repeated using SiaA without the histidine tag. It
was able to bind Hb, indicating that binding was not due to the tag.
Musser and co-workers have studied recombinant SiaA (Lei et al., 2003). The protein
was expressed without its native lipoprotein tail, and the N-terminal contained a six-histidine tag
with a different sequence on either side of the tag than that of Bates et al. (Bates et al., 2003)
Absorbance spectroscopy indicated that the purified SiaA bound hemin, with a Soret band
located at 417 nm. A pyridine hemochrome assay showed that SiaA had 1.04 heme per protein,
and that the ratio of holoSiaA to apoSiaA was 0.18:0.82 (Lei et al., 2003). Inductively coupled
plasma mass spectrometry (ICP-MS) (Lei et al., 2002) also indicated that the
holoprotein:apoprotein ratio was about 0.19:0.80 (Lei et al., 2003). ApoSiaA present in the
purified SiaA was reconstituted by incubating the mixture with hemin followed by passage
through a size exclusion column. The Soret band after reconstitution appeared at 408 nm.
Using a high-heme affinity mutant apomyoglobin (Hargrove et al., 1994), the binding and
dissociation rates of the hemin/holoSiaA complex were determined to be 80 µM-1 s-1 and 0.0026
± 0.0002 s-1 respectively, with a Kd of 31,000 µM (Nygaard et al., 2006a).
SiaA and its ability to accept heme and hemin from the S. pyogenes heme-binding protein
Shp has been investigated (Liu & Lei, 2005). Upon initial purification of recombinant Shp and
SiaA proteins, Shp was found primarily in the holo-form (82%) (Lei et al., 2002). HoloShp was
incubated with 98% apoSiaA and absorbance was measured. Initially, the Soret band of holoShp
was 428 nm. Upon addition of apoSiaA, the Soret blue-shifted. After 20 min the Soret band was
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observed at 415 nm and its absorbance had decreased. Liu et al. suggest that holoShp is a relay
protein which transfers heme to apoSiaA. The spectra of individual mixtures of holoShp/excess
apoSiaA and apoShp/excess holoSiaA were compared to the individual spectra of holoShp and
holoSiaA. The spectra of both mixtures more closely resembled that of holoSiaA; from this data
the authors suggested that the transfer of heme from holoShp to apoSiaA is nearly irreversible.
Spy0252, a putative sugar-binding protein in S. pyogenes, was expressed with a His tag and used
as a control protein to determine if the histidine tag on SiaA contributed to Shp binding (Liu &
Lei, 2005). After mixing Spy0252 with holoShp, no spectral change was observed after 1 h. Liu
and Lei suggested that the His tag does not contribute to the holoShp/apoSiaA heme transfer
mechanism.
Based on absorbance and EPR data, a two-phase model has been proposed for the
transfer of heme from reduced Shp (hemoShp) to apoSiaA (Nygaard et al., 2006a). The heme
transfer per se was comprised of two steps (k1 and ktransfer). HemoShp bound to apoSiaA to form
a hemoShp-apoSiaA complex (k1). The entropy, enthalpy, and Gibbs free energy of complex
formation were -182 ± 30 J/mol K, -77 ± 9 kJ/mol, and -23 kJ/mol, respectively. Heme transfer
(ktransfer) from hemoShp to apoSiaA to form reduced SiaA (hemoSiaA) then took place within the
complex. When the apoSiaA concentration was five fold greater than [hemoShp], ktransfer and Kd
were calculated to be 28 ± 6 s-1 and 120 ± 18 µM, respectively. The entropy, enthalpy and Gibbs
free energy of heme transfer were 250 ± 25 J/mol K, 140 ± 13 kJ/mol, and 64.2 kJ/mol,
respectively. At low concentrations of apoSiaA (Kd >> [apoSiaA]), heme transfer occurred via a
second order process, with an apparent bimolecular rate constant (ktransfer/Kd) of 0.3 µM-1 s-1.
After heme transfer, autooxidation of hemoSiaA occurred with a rate constant of 0.017 ± 0.002 s1

.
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Oxidized holoShp (hemiShp) forms a complex with and transfers hemin to apoSiaA in
line with the hemoShp-apoSiaA model, except for the absence of the autooxidation phase
(Nygaard et al., 2006a). The entropy, enthalpy, and Gibbs free energy of complex formation
were -37 ± 18 J/mol K, -37 ± 6 kJ/mol, and -26 kJ/mol, respectively. Fitted values for ktransfer and
Kd were 43 ± 3 s-1 and 48 ± 7 µM, respectively. The entropy, enthalpy and Gibbs free energy of
transfer were 35 ± 4 J/mol K, 75 ± 9 kJ/mol, and 64.9 kJ/mol, respectively. The apparent
bimolecular rate constant at low protein concentration was 0.8 µM-1 s-1.
The redox states of holoShp and SiaA upon heme transfer were investigated using
absorbance spectroscopy (Nygaard et al., 2006a). After mixing reduced holoShp with apoSiaA,
the Soret peak shifted from 428 to 424 nm. The visible region between 500 - 600 nm changed
little, which was attributed to the transfer occurring with no oxidation of the heme. The halftime of the transfer was dependent on the concentration of apoSiaA, and was estimated to be 20 200 ms. Another Soret shift from 424 to 414 nm occurred at a slower pace and appeared to be
complete in two to three minutes. During this time peaks at 530 and 560 nm decreased, and took
on the characteristics of an oxidized hemoprotein in that the β-peak became more prominent than
the α-peak.
EPR was also used to measure the oxidation states during heme transfer (Nygaard et al.,
2006a). Reduced Shp and apoSiaA were combined and frozen at -58 °C approximately 30 s after
mixing and the EPR spectrum recorded. The spectrum was similar to that of reduced holoSiaA
(reduced holoShp does not have a significant EPR signal). The sample was then incubated 30
min at room temperature and the freezing protocol was repeated. The EPR spectrum revealed
the presence of oxidized holoSiaA. These two spectra indicate that heme is first transferred from
reduced holoShp to create a reduced holoSiaA, followed by the autooxidation of reduced
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holoSiaA. These results correspond with the absorbance data indicating a heme transfer
followed by autooxidation of the heme.
Redox state experiments were repeated using hemin (Nygaard et al., 2006a). After
mixing oxidized Shp with apoSiaA, the Soret peak shifted from 420 to 412 nm. EPR spectra
recorded after 30 s and 30 min were similar to that of oxidized holoSiaA but not the oxidized
holoShp. As expected, hemin transfer between oxidized holoShp and apoSiaA does not involve
a change in the hemin oxidation state.
The crystal structure of the heme-binding domain of Shp has been resolved to 2.1 Å, and
has shown that Met66 and Met153 are the axial ligands (Aranda et al., 2007). Met-Met heme
ligation is an extremely rare occurrence in heme proteins, and this finding presents the first
known example of Met-Met ligation in heme transport proteins. Ran et al. created mutations of
the axial ligands (M66A, M153A, M66H and M153H) (Ran et al., 2007). The equilibrium
constants for the binding of hemin to M66A, M153A, and M153H were 22,000, 38, and 11,600
µM-1, respectively (Ran et al., 2007); Khemin for WT Shp was 5,300 µM-1 (Nygaard et al., 2006a).
The association constant for the heme/M66H complex was greater than 200,000 µM-1 (Ran et al.,
2007).
The dissociation constants of oxidized M66A, M153A, and M153H for binding to
apoSiaA were 11.4 ± 0.3 µM and 170 ± 8, and 6.6 ± 0.5 µM, respectively (Ran et al., 2007); the
Kd values for the oxidized and reduced WT Shp/apoSiaA complexes were 48 ± 7 and 120 ± 18
µM, respectively (Nygaard et al., 2006a). M66H was not able to transfer hemin to apoSiaA. For
M153H, a single phase hemin transfer rate of 3.5 s-1 was determined.
Two phases for hemin transfer from oxidized M66A and M153A to apoSiaA were
observed (Ran et al., 2007). The initial transfer rates, k1, from M66A and M153A were 8.7 ± 0.3
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s-1 and 120 ± 30 s-1, respectively. The second phase transfer rates (k2) were 0.38 ± 0.08 and 2.5 ±
0.2 s-1, respectively. The authors proposed a process in which the mutant Shp and apoSiaA each
contribute one axial ligand to hemin during an intermediate stage. In their model, the axial
ligands of apoSiaA surround the hemin on both sides, followed by the loss of coordination
between the mutant axial ligands and heme, allowing heme to slide into the SiaA binding pocket.
Streptococcus equi also contains the heme binding proteins SeShp and SeHtsA (S. equi
Shp and S. equi HtsA, respectively), which are homologous to Shp and SiaA (HtsA) from S.
pyogenes (Nygaard et al., 2006b). SeHtsA and SiaA share 76% identity. Homologues of five
other genes co-transcribed with Shp and SiaABC were also found within S. equi. As with SiaA,
SeHtsA was found to bind hemin in a 1:1 stoichiometry. Other similarities found in SeHtsA
included its absorbance spectra and oxidative stability. HoloSeShp could transfer heme to
SeHtsA with similar spectral changes to those described above (Nygaard et al., 2006a).
HoloSeShp was also able to transfer heme to apoSiaA, and holoShp was able to transfer heme to
apoSeHtsA.
3.11 Summary. SiaA is part of an ABC heme transport system in S. pyogenes. Although a
number of heme ABC transport systems have been described in pathogenic bacteria, there is as
yet little biophysical characterization of the proteins in these systems. The following chapter is a
direct copy of our published work on SiaA:
Sook, B.R., Block, D.R., Sumithran, S., Montañez, G.E., Rodgers, K.R., Dawson, J.H.,
Eichenbaum, Z., Dixon, D.W. Characterization of SiaA, a streptococcal heme-binding protein
associated with a heme ABC transport system. Biochemistry, 2008, 47:2678-2688.
The E. coli containing the recombinant siaA plasmid was cloned by Griselle Montañez
(Department of Biology, Georgia State University). Expression, purification, enterokinase
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cleavage, SDS-PAGE, Western blot analysis, and the pyridine hemochrome and Lowry assays
were performed by Brian Sook (Department of Chemistry, Georgia State University), as were the
protein denaturation experiments. Resonance Raman spectroscopy was done by Professor
Kenton Rodgers and Darci Block, as were the pH and electrochemistry experiments (North
Dakota State University). Magnetic circular dichroism experiments were performed by
Professor John Dalton and Suganya Sumithran (University of South Carolina). Nuclear
magnetic resonance experiments were designed by Dr. Dabney Dixon (Department of
Chemistry, Georgia State University), and performed by Brian Sook and Dr. Sekar
Chandrasekaran (Department of Chemistry, Georgia State University). NMR analysis was
conducted by Dr. Dabney Dixon, Dr. Sekar Chandrasekaran and Brian Sook. Mass spectrometry
was performed by Dr. Siming Wang and Sarah Cepeda (Department of Chemistry, Georgia State
University), and analyzed by Brian Sook. Homology studies were performed by Dr. Dabney
Dixon and Brian Sook, and circular dichroism studies were conducted by Brian Sook. The
Biochemistry manuscript was prepared by Brian Sook and Dr. Dabney Dixon with input from all
other authors. This work was supported by National Institutes of Health Grants AI057877 (Dr.
Zehava Eichenbaum), AI072719−01 (Dr. Kenton Rodgers), and GM 26730 (Dr. John Dawson),
and the Molecular Basis of Disease Program at Georgia State University (Dr. Dabney Dixon and
Brian Sook).
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CHAPTER 4
Characterization of SiaA, a Streptococcal Heme-binding Protein
Associated with a Heme ABC Transport System

4.1 Introduction. Many pathogenic bacteria obtain some or all of the heme required for
biosynthetic and energy utilization pathways by importing heme from their host. One method of
acquiring heme is via ATP-binding cassette (ABC) transporters (Griffiths & Williams, 1999;
Jones & George, 2004; Davidson & Chen, 2004). These are composed of a heme binding
protein (HBP), a membrane permease, and an ATPase. The heme is first bound by the HBP,
which then transfers it to the permease component of the transporter for passage through the cell
membrane (Griffiths & Williams, 1999). The process is driven by the hydrolysis of ATP.
Although this heme uptake pathway has been investigated in a number of organisms (Brown &
Holden, 2002; Stojiljkovic & Perkins-Balding, 2002; Crosa et al., 2004), it is only in the last
three years that studies have begun to assess the spectroscopic and structural details of heme
binding in the HBP. It has been found that ShuT from Shigella dysenteriae has a single tyrosine
as the axial ligand (Eakanunkul et al., 2005). For IsdE (Mack et al., 2004), the HBP from
Staphylococcus aureus (Maresso & Schneewind, 2006), UV-visible absorbance spectroscopy
and magnetic circular dichroism data were consistent with either a His-Tyr or Met-His axial
ligand set; a recent x-ray structure shows the ligands to be methionine and histidine (Grigg et al.,
2007).
Streptococcus pyogenes, also known as Group A streptococcus (GAS), is a pathogenic
Gram positive bacterium that causes a variety of infections (Cunningham, 2000). A number of
heme-containing sources can support in vitro growth of this organism, including hemoglobin, the
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haptoglobin-hemoglobin complex, myoglobin, heme-albumin, and catalase (Francis, Jr. et al.,
1985; Eichenbaum et al., 1996). The ABC heme transporter in this protein is encoded by the sia
(Streptococcal iron acquisition) gene cluster (Bates et al., 2003), also known as the hts (heme
transport S. pyogenes) (Lei et al., 2003) gene cluster. In this ABC transport system, the heme
binding lipoprotein is SiaA; it is associated with SiaB and SiaC, the membrane permease and
ATPase, respectively. The proximal heme donor to SiaA in this Gram positive bacteria may be
Shp, a cell surface protein encoded by the gene upstream of SiaA in the cluster. Shp can acquire
heme from hemoglobin and donate it to SiaA (Liu & Lei, 2005; Nygaard et al., 2006). ESR
studies on SiaA are consistent with a bisligated heme center (Nygaard et al., 2006), but the axial
ligands have not yet been reported.
Herein we report that the heme in SiaA has methionine and histidine as axial ligands, as
shown by evidence from resonance Raman spectroscopy (rR), magnetic circular dichroism
(MCD) and nuclear magnetic resonance (NMR) spectroscopies. The reduction potential of the
protein has been measured by spectroelectrochemistry. The effect of the oxidation state on the
stability of the protein has been evaluated by conformational stability studies using guanidine
HCl (GdnCl) as a denaturant.
4.2 Experimental.
4.2.1 Expression and Purification of SiaA. SiaA was expressed and purified from
Top10/pSiaA-His cells as previously described (Bates et al., 2003) with small modifications.
The plasmid, pSiaA-His, expresses recombinant SiaA with an N-terminal fusion to a six-HisXpress epitope from the arabinose-regulated promoter, PBAD (Guzman et al., 1995). An
enterokinase (EK) site downstream of the Xpress epitope facilitates the removal of the tag from
the SiaA protein after purification, leaving eight residues (DRWGSELE) that are not part of the
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SiaA sequence (which begins with VNQHPKTA, omitting the native N-terminal signal
sequence). The six-histidine tag was removed for some experiments.
SiaA expression was induced with 0.02% arabinose for 4 h. The cell pellet was broken
twice with a French press in 45 mL of buffer containing 20 mM Tris-HCl (pH 8.0), 100 mM
NaCl, 0.1% Triton X-100, 10% v/v glycerol, and four tablets of protease inhibitor (Roche
Complete Mini, EDTA-free). The solution was cooled on ice between lysing cycles. It was then
centrifuged for 20 min at 35,000 x g and the supernatant was syringe-filtered with a 0.45 μm
filter (surfactant-free cellulose acetate membrane, Nalgene). All of the following purification
steps were conducted at 4 °C using a fast protein liquid chromatography instrument (FPLC,
Amersham BioSciences), and all buffer solutions were pH 8.0 unless specified otherwise. The
sample was loaded onto a nickel chelating column (5 mL HiTrap Chelating HP column,
Amersham BioSciences) equilibrated with binding buffer (50 mM potassium phosphate, 250 mM
NaCl, 10% v/v glycerol). Unbound material was washed out with 5 column volumes of binding
buffer. SiaA was eluted with 25 column volumes of buffer containing 50 mM potassium
phosphate, 250 mM NaCl, 10% v/v glycerol, and 0.5 M imidazole applied via a linear gradient (0
- 100% imidazole). Fractions were collected and their SiaA content was qualitatively evaluated
by SDS-PAGE. Fractions containing SiaA were pooled, and imidazole and salts were removed
by centrifugal filtration (Amicon Ultra-15, 5 kDa molecular weight cut-off, Millipore) using a
buffer of 20 mM Tris-HCl and 10% v/v glycerol (designated as Buffer A).
Total protein concentration was measured using the modified Lowry assay (Pierce
Biotechnology, Inc.) with a Varian Cary 50 Bio spectrophotometer. Enterokinase cleavage of
the N-terminal six-histidine tag was performed in a solution containing 0.1 units of EKMax
(Invitrogen Corporation), 3 µL EKMax buffer, 20 µg of protein, diluted with water to a final
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volume of 30 µL (1 unit of enterokinase is defined as the amount of enzyme that will cleave 20
μg of thioredoxin-chloramphenicol acetyl transferase fusion protein to 90% completion in 16 h at
37 °C in 50 mM Tris-HCl, 1 mM CaCl2, and 0.1% Tween-20). The solution was incubated
overnight (approximately 16 h) at 4 °C followed by incubation at room temperature (about 22
°C) for approximately 12 h. SDS-PAGE was used to verify cleavage. SiaA was equilibrated
with Buffer A using a centrifugation filter as described above. The protein solution was loaded
onto a strong anion-exchange column (5 mL HiTrap Q HP, Amersham BioSciences) equilibrated
with Buffer A. Unbound protein was washed out with 5 column volumes of Buffer A and eluted
with 25 column volumes of Buffer A containing 1 M NaCl applied via a linear gradient (0 100% NaCl). Fractions were collected and purity was demonstrated by overloading an SDSPAGE gel with sample. Fractions showing no contaminants were pooled, equilibrated with
Buffer A using a centrifugation filter as described above, and stored at -80 °C.
4.2.2 Mass Spectrometry. Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI) was performed using an ABI Voyager DE-Pro (Applied Biosystems) MALDI
reflectron time-of-flight spectrometer in positive ion mode. The sinipinic acid matrix was
prepared in 30:70 acetonitrile:water and 0.1% trifluoroacetic acid. The sample solution was
mixed with the matrix solution in a 1:1 ratio and the resulting solution spotted onto the MALDI
target plate. Electrospray ionization mass spectrometry (ESI) was performed using a Micromass
Q-TOF Micro mass spectrometer in positive mode. Samples were prepared in a solution
containing 50:50 acetonitrile:water and 0.1% formic acid. The capillary voltage was 3.0 kV and
the flow rate was 5 μL/min. Deconvolution of the charge state distribution was performed with
the MaxEnt program included with the MassLynx™ software. Throughout the text, peaks are
rounded to the nearest Dalton.
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4.2.3 Nuclear Magnetic Resonance. Protein samples were prepared by equilibration with
deuterated 50 mM potassium phosphate, adjusted to pD = 7.4. The sample was deoxygenated
with nitrogen in a screw cap septum NMR tube (Wilmad), and a solution of deoxygenated
buffered sodium dithionite (approximately 10-fold excess of reducing agent) was injected into
the NMR tube to reduce the protein. 1H NMR spectra of the reduced protein were recorded on a
500 MHz Varian Unity+ instrument at 25 °C using water suppression. Proton chemical shifts
were referenced to water at 4.77 ppm.
The NMR of the heme methyl resonances of the protein in the paramagnetic region (20 to
45 ppm) was unaffected by the presence or absence of the six-His-Xpress epitope, indicating that
the histidines in the His tag do not interact with any heme in solution and that the presence of the
N-terminal sequence does not alter the heme binding site. Experiments were therefore
performed with both the full construct and the enterokinase-cleaved form, as indicated in the
description of each experiment.
4.2.4 Resonance Raman Spectroscopy and pH Effects. Resonance Raman spectra of the
enterokinase-cleaved form of SiaA were excited using 413.1 nm emission from a Kr+ laser.
Raman scattered light was collected with f1 efficiency and f matched to an f4.5 0.6-m
spectrograph equipped with a liquid nitrogen-cooled CCD detector. The entrance slit was set to
15 μm for all measurements. The excitation laser beam was focused to a line on the sample and
its power adjusted to 5 - 12 mW. All samples were spun at ~20 Hz to minimize laser-induced
degradation of the protein samples. The spectra were calibrated using Raman bands from
methylene bromide and toluene in the low frequency windows and from toluene and DMF in the
high frequency regions. The resonance Raman samples used to investigate the effects of pH
were prepared by diluting 20 μL of 100 μM SiaA (Nygaard et al., 2006) into 100 μL of 20 mM
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buffers of MES pH 5.2 and 6.3, MOPS pH 7.1, Tris-HCl pH 8.0, CHES pH 9.1, and CAPS pH
9.9, 11.1, and 12.0. Ferrous SiaA samples were prepared by equilibration of the ferric protein
solution under a purge of water-saturated N2 followed by reduction with a 10-fold excess of
buffered sodium dithionite solution. UV-visible spectra were recorded before and after rR
experiments to ensure that the protein was not degraded by exposure to laser radiation.
4.2.5 Spectrophotometric pH Titrations. Samples for these measurements were prepared by
the method described above for rR samples. Additionally, pH effects were investigated by
titrating SiaA in Tris-HCl buffer, CHES buffer, and CAPS buffer by addition of 1 μL aliquots of
1 M NaOH and 1 M HCl. These titrations were carried out using different buffers and going
both directions. All pH titrations were monitored between 350 and 750 nm using a scanning
spectrophotometer. The wavelength axes of the spectrometer were calibrated using the bands
from holmium oxide glass. The variable pH data were analyzed using a commercial global
analysis software package.
4.2.6 Electrochemistry. The midpoint reduction potential of the enterokinase-cleaved form of
SiaA was determined using the spectroelectrochemical method of Dutton et al. (Dutton, 1978).
The oxidized and reduced heme populations were monitored as a function of cell potential by
UV-visible absorbance between 350 and 650 nm using a homemade spectroelectrochemical cell
and a CCD-based multichannel spectrometer. The wavelength axes of the spectrometer were
calibrated using the bands from holmium oxide glass. Mediator dyes (methyl viologen, benzyl
viologen, anthraquinone-2-sulfonate, anthraquinone-2,6-disulfonate, 2-hydroxy-1,4napthoquinone, indigo disulfonate, indigo trisulfonate, indigo tetrasulfonate, pyocyanin,
duroquinone, 5-hydroxy-1,4-napthoquinone, 1,4-napthoquinone, phenazine methosulfate, 2,6dimethyl benzoquinone, 2-methyl-1,4-benzoquinone, and 1,2-napthoquinone-4-sulfonate) were
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used to prepare a stock cocktail solution in DMSO whose concentration was 10 mM in each dye.
This solution was diluted to a final concentration of 10 μM in each dye. Reductive and oxidative
titrations were performed using microliter aliquots of 0.1 M dithionite and 0.1 M ferricyanide,
respectively. Cell potential was monitored using a glass electrode and pH meter in the mV
mode. Establishment of equilibrium was confirmed after each dithionite addition by monitoring
voltage with a strip chart recorder. The data were analyzed using a commercial global analysis
software package. The fitting model was a two component system undergoing parallel redox
processes. The oxidized and reduced spectra of SiaA were fixed as the initial and final species
for one of the components. The other component was a composite spectrum of the mediators
whose absorbance in the 350 - 700 nm range also changes as a function of cell potential, yielding
a second composite midpoint potential.
4.2.7 Magnetic Circular Dichroism Spectroscopy. MCD spectra were recorded at 4 °C and
1.41 T on a Jasco J600 spectropolarimeter fitted with a Jasco MCD-1B electromagnet. JASCO
software was used for data acquisition and manipulation as previously reported (Huff et al.,
1993). UV-visible absorbance spectra were recorded before and after MCD measurements to
check the sample integrity. All spectra were obtained using quartz cuvettes with either 0.5 or 1
cm path lengths. SiaA protein samples (enterokinase-cleaved form of the protein) were studied in
20 mM Tris-HCl at pH 8.0. The cyanide and NO adducts of ferric SiaA were prepared as
previously described (Bracete et al., 1991; Pond et al., 2000). The ferrous species of SiaA was
prepared in a sealed cuvette by first exchanging the atmosphere in the cuvette with nitrogen
followed by addition of solid sodium dithionite.
4.2.8 Conformational Stability. Protein unfolding experiments were performed on the
enterokinase-cleaved form of the protein using GdnCl as the denaturant, according to standard
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protocols of Pace (Pace & Scholtz, 1997). UV-visible absorption spectrometry [Varian 50 Bio
spectrophotometer, 1.5 mL quartz black-masked Supracil cuvettes (Spectracell) with 1 cm path
lengths] was used to follow the unfolding process. Refractive index was used to verify the
GdnCl concentration (Pace & Scholtz, 1997), which was 8.35 M. Approximately 5 - 10 µM
protein in 50 mM Tris-HCl, pH 7.0 was used for the titrations. Reduced protein was created by
removing oxygen via nitrogen flushing for approximately 40 min, then adding 5 - 10 µL of an
anaerobic 0.1 M sodium dithionite solution (approximately 10-fold excess of reducing agent).
During the anaerobic titrations, the sample compartment of the spectrometer was kept under
positive nitrogen pressure. GdnCl was titrated into the solution and allowed to equilibrate while
monitoring optical absorbance at 414 and 424 nm for the oxidized and reduced samples,
respectively. Equilibrium was considered to have been established when the absorbance showed
no further change. All experiments were conducted at 22 °C. The unfolding curves were
analyzed using the equation (Pace & Scholtz, 1997):

y = {( yF + mF[D]) + (yU + mU[D] × exp[m × ([D] − [D]½)/RT]}/(1 + exp[m × ([D] − [D]½)/RT])

where y is the absorbance at any point along the fitted denaturation curve, yF is the absorbance at
of the folded state, yU is the absorbance of the unfolded state, m is the slope at the midpoint, and
also the dependence of the free energy of unfolding on the denaturant concentration, mF is the
slope of the folded state, mU is the slope of the unfolded state, [D] is the concentration of GdnCl,
[D]½ is the concentration of GdnCl at the midpoint of the unfolding curve, R is the gas constant,
and T is the temperature (Kelvin). Kaleidagraph (version 4.01, Synergy Software) was used to
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fit the curve based on the assumption that unfolding is a two-state process. The free energy of
protein unfolding in water [ΔG(H2O)] was calculated as ΔG(H2O) = m[D]½.
4.3 Results.
4.3.1 Protein Purification and Mass Spectrometry. The construct used in these studies has an
Asp4-Lys sequence which is the cleavage recognition site for enterokinase (Light & Janska,
1989). Various protocols were tested to find conditions which would give pure cleaved protein
with a minimum amount of enterokinase. A method using 0.1 units of enterokinase per 20 µg of
the affinity-purified protein incubated first for 16 h at 4 °C and then for 12 h at 22 °C gave good
yields of cleaved protein.
ESI of the purified protein showed masses corresponding to the predicted apo- and
holoproteins at 32,190 and 32,803 Da, respectively. In addition, two other masses were observed
at 31,919 and 32,532 Da. The two additional peaks were ascribed to the holo and apo forms of a
protein which had cleaved after the arginine in the sequence (N-terminus)-DDDDKDR-n8-SiaA.
Such cleavage finds precedent in situations where the ionic charge of the recognition site is
preserved (Light & Janska, 1989). Other preparations of SiaA gave complete cleavage after the
arginine residue in this sequence, as shown by mass spectrometry and amino acid sequencing.
MALDI mass spectra of SiaA often had associated sodium ions (Kaufmann, 1995; Zhang et al.,
1998); different preparations had different numbers of sodium ions.
4.3.2 Resonance Raman and UV-visible Absorbance Spectroscopy of Ferric and Ferrous
SiaA. Figure 4.1A shows the rR spectra of ferric and ferrous SiaA from 1350 to 1650 cm−1. The
oxidation state or π* electron density marker, ν4, occurs at 1371 cm−1 in Figure 4.1A(a) and at
1360 cm−1 in Figure 4.1A(b), indicating the presence of ferric and ferrous heme, respectively. A
shoulder occurs at 1360 cm−1 in the ferric SiaA spectrum, indicating a steady state accumulation
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of ferrous heme due to photoreduction in the laser beam. The corresponding spin state marker
bands, ν3, occur at 1501 and 1490 cm−1, indicative of six-coordinate and low spin (6c LS) ferric
and ferrous hemes, respectively. Figure 4.1B shows the low frequency rR spectra of ferric and
ferrous SiaA. The rR spectra of cellobiose dehydrogenase (CDH) (Rotsaert et al., 2003) and
EcDos, a heme-based sensor from E. coli (Gonzalez et al., 2002), which both contain a b-type
heme and the Met-His axial ligand set, bear a striking resemblance to that of SiaA. The ferrous
state of the protein did not bind CO(g), indicative of a highly stable and/or deeply buried 6c
heme (Cohen et al., 1997; Rotsaert et al., 2003). These similarities are consistent with SiaA
having a comparable axial ligand set to CDH and EcDos.
Figure 4.2 shows the UV-visible absorbance spectra of ferric and ferrous SiaA. Both
spectra are consistent with their respective rR spectra, indicating LS hemes. Moreover, the low
intensity bands to the red of the Q bands are consistent with a S→Fe LMCT transition, indicative
of an axial Met ligand (Moore et al., 1985; Gonzalez et al., 2002; Rotsaert et al., 2003).
4.3.3 pH Dependence of the Resonance Raman and UV-visible Spectra. Figures 4.3A and
4.3B show the rR spectra as a function of pH from 1350 to 1650 cm−1 and from 300 to 800 cm−1,
respectively. The spectra reveal little sensitivity to pH in these regions of the spectrum.
Whereas the low frequency spectrum in Figure 4.3B shows no pH dependent bands, Figure 4.3A
reveals small shifts in the core size marker bands, ν4, ν2, and ν37 to higher frequencies with
increasing pH. These spectral trends report a change in axial ligand field.
Consistent with trends in the high-frequency rR spectra, slight variations are also
observed in the UV-visible spectra as a function of pH (Figure 4.4A). The Soret maximum shifts
3 nm to the red as the pH is increased from 5.2 to 12.0, giving rise to the pH dependence of A414
shown in the inset of Figure 4.4A. Also, the Q-band maxima and the S→Fe LMCT absorbance
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change systematically with pH. Noteworthy is the persistence of the LMCT band, indicating that
the Met-His ligand set is maintained over the investigated pH range. Global analysis of the
spectrophotometric pH titration data was based on a single protonation equilibrium model. This
analysis yielded a pKa of 9.7 ± 0.1 for SiaA. Figures 4.4B(a) and (b) show the calculated
absorbance spectra of the acid and base forms of SiaA and the inset shows the calculated
speciation diagram in which the species curves cross at the pKa. The UV-visible spectrum of
SiaA and its pH dependence in the ferric form is comparable to that of E. coli cytochrome b562
(Eccyt b562). In the pH range 4.0 - 6.8, Eccyt b562 has a Soret peak at 419 nm, β- and α-bands at
531 and 561 nm, respectively, and S→Fe LMCT bands at 650 and 710 nm. At pH 9.96, these
bands shift to 422, 538, 568, and 630 nm, respectively (Myer & Bullock, 1978). These shifts are
comparable to SiaA in both magnitude and direction and a function of pH, indicating similarities
in the acid/base behavior.
4.3.4 Electrochemistry of SiaA. Figure 4.5 shows the results from global analysis of the SiaA
spectroelectrochemical titration data. The arrows on the absorbance spectra show the direction of
absorbance change as the potential is decreased, and the inset shows A424 for the reductive and
oxidative titrations of SiaA. Midpoint potentials of 83 ± 3 and 69 ± 17 mV were obtained from
global analysis and fitting of absorbance at 424 nm, respectively, for reductive titration of ferric
SiaA. Similar analyses of the oxidative titration yielded midpoint potentials of 64 ± 3 and 59 ±
16 mV. The irreversibility of heme reduction suggests that redox cycling of the heme is coupled
to a kinetically sluggish change in structure or conformation that influences Em of the
Fe(III)|Fe(II) couple. The titration curves in the inset of Figure 4.5 exhibit a feature at low
potential. It arises from absorbance changes attributable to mediator dyes and unreduced
dithionite.
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4.3.5 Magnetic Circular Dichroism Spectroscopy. The MCD spectra of ligand adducts of
ferric SiaA are compared with parallel derivatives of myoglobin in Figure 4.6. The spectra of the
ferric-NO (Figure 4.6A) and ferric-CN (Figure 4.6B) derivatives are quite similar to those of the
analogous myoglobin adducts except for minor differences in the intensity of the NO derivatives
and a few nanometer spectral shift in the cyanide derivatives. This provides strong support for
histidine imidazole as the fifth ligand to the heme iron of ferric SiaA. No ligation of azide or
imidazole takes place with the native ferric SiaA protein even in the presence of excess ligand
concentrations. CO, the ligand widely used to probe the heme environment of heme proteins,
does not bind SiaA in the ferrous state.
MCD spectra of ferric and ferrous species of SiaA, cytochrome b5 and cytochrome c are
compared in Figure 4.7. Systems containing His-His and Met-His coordination give similar
MCD spectra in the UV-visible region (Gadsby & Thomson, 1990). Proteins with heme c and
heme b having the same ligand coordination structure show similar MCD spectra, but with a 4 to
12 nm shift in the wavelength (Dawson et al., 1992). Thus, the spectra of both ferric and ferrous
cytochrome c are shifted by +9 nm. Figure 4.7A displays the MCD spectra of ferric SiaA
compared with cytochrome b5 (His-His ligation) and cytochrome c (Met-His ligation). The
spectrum of ferric SiaA is almost identical to that of ferric cytochrome c and is similar to
cytochrome b5 although the latter has a slightly higher intensity in the visible region (feature at
540-580 nm) and displays a blue shift of the Soret derivative feature by a few nanometers.
The MCD of ferrous SiaA, ferrous cytochrome c in urea and cytochrome b5 are plotted
together in Figure 4.7B. Ferrous cytochrome c in urea has Met-His ligation, retaining the ligand
set of the native protein (Fedurco et al., 2004) (spectrum not shown). However, the MCD
spectral intensities are smaller for ferrous cytochrome c in urea and its spectrum is more
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comparable to that of ferrous SiaA. All three spectra in Figure 4.7B are generally similar to each
other in the visible region with only minor differences. However, the spectrum of ferrous SiaA
displays a striking resemblance to that of ferrous cytochrome c in urea in the Soret region.
4.3.6 NMR Spectrum of the Reduced Protein. The upfield region of the NMR spectrum of the
ferrous form of the protein is shown in Figure 4.8. The three proton singlet is assigned to the εMe of the methionine; this is diagnostic for a methionine axial ligand bound to the heme. Some
of the other upfield single proton resonances are due to the β- and γ-protons on the methionine.
Not all upfield resonances integrate to one proton, because the heme binds to the protein in two
orientations rotated by 180°, as seen by two sets of heme methyl groups in the ferric form of the
protein (data not shown).
4.3.7 Conformational Stability. Both the ferric and ferrous forms of the protein were treated
with GdnCl and the data fit with a standard two state transition model as described in the
Experimental (Figure 4.9). The midpoints of the transitions occurred at 3.1 ± 0.1 and 5.0 ± 0.1
M GdnCl for the oxidized and the reduced form of the protein, respectively, indicating that the
ferrous form of the protein was more stable, as expected. The conformational stabilities
[ΔG(H2O)] of the oxidized and reduced proteins were 7.3 ± 0.8 and 16.0 ± 3.6 kcal mol−1,
respectively. The m values, which describe the dependence of ΔG on the concentration of
denaturant, were 2.4 ± 0.3 and 3.3 ± 0.6 kcal mol-1 M-1, respectively.
4.4 Discussion.
4.4.1 Met-His Axial Ligation. A combination of the rR signatures with the MCD and NMR
spectral data allow the conclusion that methionine and histidine are the axial heme ligands in
SiaA. The rR data indicate both the ferric and ferrous forms of SiaA are six-coordinate and low
spin. Although rR signatures alone do not distinguish between His-His and Met-His axial ligand
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sets, the spectra are consistent with Met-His axial ligation of the heme iron. Often, CO(g) is
used as a probe of the heme environment, but it was found that, like cellobiose dehydrogenase
(CDH) (Cohen et al., 1997; Rotsaert et al., 2003), SiaA does not bind CO(g) in the ferrous state.
This is typical of stable 6c LS hemes having two axial ligands.
MCD spectroscopy provides information about the coordination structure of heme iron
complexes including the determination of the oxidation state, spin state and axial ligand
identification (Perera & Dawson, 2004). This is accomplished by examining the MCD spectra of
the uncharacterized heme protein and several of its ligand adducts in comparison to the spectra
of structurally characterized heme proteins or porphyrin model complexes. MCD spectroscopy
is more useful for this approach than is UV-visible absorption spectroscopy because the MCD
spectra provide better fingerprints.
Coordination of an exogenous sixth ligand to the heme iron generates a complex in which
five of the six ligands are known. Comparison of the spectra of such a complex to the spectra of
the structurally undefined protein with the same added exogenous ligand can then lead to
determination of the axial ligand trans to the exogenous ligand. In the present study, two
different ligand complexes of ferric SiaA, ferric-NO and ferric-CN, were prepared and their
MCD spectra overlaid with the parallel derivatives of His-ligated myoglobin (Figure 4.6). The
MCD spectra of the two SiaA derivatives are very similar to those of the corresponding
myoglobin derivatives. This provides strong support for the conclusion that SiaA has a histidine
axial ligand.
The MCD spectrum of ferric SiaA is almost identical to that of ferric cytochrome c which
has a Met-His ligation in the given buffer conditions (Fedurco et al., 2004) (Figure 4.7A),
allowing us to conclude that native SiaA has the same ligand pair. However, the possibility of
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His-His ligation can not be ruled out as the MCD spectrum of ferric SiaA is also very similar to
that of ferric cytochrome b5, which has two His ligands (Durley & Mathews, 1996; Cheek et al.,
1999). It is been shown by the MCD spectral studies on His-His and Met-His ferric low spin
heme systems that only NIR MCD allows one to distinguish between His-His and Met-His
ligation (Gadsby & Thomson, 1990).
To investigate the function of SiaA in heme binding and release, it is essential to also
study ligation of the iron in the ferrous state. Therefore, we have compared the MCD spectra of
ferrous SiaA with those of ferrous cytochromes b5 (His-His) and cytochrome c in urea (Met-His).
Here, the spectra of ferrous SiaA match the entire spectrum of ferrous cytochrome c much more
closely than that of ferrous cytochrome b5, especially in the Soret region. We therefore conclude
that SiaA is Met-His coordinated in the ferrous state.
In the NMR spectrum of a reduced Met-His heme protein, the methionine bound to the
heme has a characteristic three proton singlet due to the ε-methyl in the range from -2.9 to -3.5
ppm (Wand et al., 1989; Gao et al., 1990; Chau et al., 1990; Detlefsen et al., 1990; Cai &
Timkovich, 1991; Cai & Timkovich, 1992; Marion & Guerlesquin, 1992; Saraiva et al., 1992;
Barker & Freund, 1996; Arnesano et al., 2000). At least two, and generally three or four of the
β-CH2 and γ-CH2 protons (depending on the chirality of the methylene group and the placement
of nearby residues) are also seen in the upfield region. For SiaA, the NMR of the upfield region
is entirely consistent with an axial methionine ligand.
Three-dimensional sequence alignment with the related cobalamin transport protein BtuF
(Borths et al., 2002; Locher & Borths, 2004), the iron hydroximate-binding protein FhuD (Clarke
et al., 2002) and the enterobactin-binding protein CeuE (Muller et al., 2006) indicate that Met79
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and His229 are the axial ligands. This hypothesis is consistent with the recent x-ray structure of
the heme binding IsdE from S. aureus (Grigg et al., 2007).
4.4.2 Comparison of SiaA with other b-type Heme Proteins having the Met-His Axial
Ligand Set. There are three other b-type heme proteins in the protein data bank with Met-His
axial ligand sets; they are Eccyt b562, a small soluble periplasmic four-helix bundle protein from
E. coli (Xavier et al., 1978; Mathews et al., 1979), CDH, cellobiose dehydrogenase from the
white rot fungus Phanerochaete chrysosporium (Rotsaert et al., 2003), and EcDos, a heme-based
sensor from E. coli (Gonzalez et al., 2002). The proposed Met-His axial ligation of SiaA makes
comparison of their biophysical data relevant. Both rR and UV-visible absorbance spectra clearly
show that the ferric and ferrous hemes are 6c and LS. The ν3 bands for ferric and ferrous Eccyt
b562 (Bullock & Myer, 1978), CDH (Cohen et al., 1997) and EcDos (Gonzalez et al., 2002) have
been reported at 1506 ± 1 cm−1 and 1494 ± 1 cm−1, respectively, indicating 6c LS heme in both
oxidation states. Additionally, the reported high frequency spectra of CDH and EcDos were
recorded with Soret-excitation; these spectra have comparable band shapes and frequencies to
those of SiaA. This comparison further supports SiaA having Met-His axial ligation.
The calculated pKa for SiaA of 9.7 is in the range of that reported for other heme proteins
with axial histidines, attributed to deprotonation of this ligand (Bogumil et al., 1995; Arnesano et
al., 2000). Reported pKa values include: myoglobin (10.4) (Gadsby & Thomson, 1982);
cytochromes c’ (8 - 9.1, depending on the species) (Banci et al., 1992; La Mar et al., 1990); and
cytochrome c550 from Bacillus halodenitrificans (≈ 11) (Saraiva et al., 1992). While these
proteins establish a range for axial histidine deprotonation, they do not provide a direct
comparison to SiaA due to differences in heme type, axial ligation, and spin state. The only pKa
reported for a b-type heme with Met-His axial ligands of which the authors are aware is Eccyt
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b562 (9.0, measured by reduction potentials as a function of pH) (Moore et al., 1985) and (8.1,
measured by NMR) (Arnesano et al., 2000). The observation that the pKa for SiaA is higher than
that for Eccyt b562 indicates that SiaA lacks a specific interaction of the axial histidine with a
nearby residue in the protein (Moore et al., 1985).
4.4.3 Electrochemistry. The reduction potential of SiaA lies between 64 and 83 mV vs. SHE.
The range of reduction potentials for heme proteins having the Met-His axial ligand set spans
approximately 400 mV (Dolla et al., 1994; Mauk & Moore, 1997). Cytochrome b562 has a
reduction potential of 167 mV (Moore et al., 1985; Springs et al., 2000; Springs et al., 2002).
The CDH heme domains of P. chrysosporium and Humicola insolens have redox potentials of
130 and 126 mV, respectively, at pH 7.0 (Igarashi et al., 1999). Many cytochromes c with MetHis ligands have Em values in the 150 to 350 mV range (Mao et al., 2003). However, there are
some with lower redox potentials, particularly from alkaliphilic variants of Bacillus, with Em
values ranging from 50 to 100 mV (Goto et al., 2005). A recent study of cytochrome c553 from
Desulfovibrio vulgaris found an Em value of −20 mV (Wittung-Stafshede, 1999). The reduction
potential of a heme is controlled by a number of factors, including the nature of the axial ligands,
attachment of the heme to the protein, solvent exposure of the heme, ionization of the propionic
acids, placement of the NH groups of nearby amide linkages, interaction with buried and surface
charges, and conformational change occurring upon oxidation or reduction. Gunner and coworkers have recently looked at the contributions of specific factors in determining redox
potentials (Mao et al., 2003). They concluded that the low potential of B. pasteurii cytochrome
c553 (47 mV) (Benini et al., 1998) was due to a combination of factors, including the placement
of the dipoles of the protein backbone near the heme. Overall, the redox potential of SiaA is
toward the lower end of the range of Met-His proteins.
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4.4.4 Possible Coupling of Heme Transfer and the Oxidation State of the Protein. SiaA also
has a significantly higher reduction potential than two other proteins which are also involved in
heme trafficking, HasA and ShuT. HasA has tyrosine and histidine as axial ligands; it has a
redox potential of −550 mV (Izadi et al., 1997). ShuT has a tyrosine axial ligand, and a
reduction potential of ≤ −430 mV (Block & Rodgers, 2007). The relatively high reduction
potential of SiaA may indicate that heme transfer and the redox state of the heme are coupled for
this protein. In solution, Shp transfers heme to SiaA with similar rate constants in the ferric and
ferrous forms (Nygaard et al., 2006), indicating that either or both oxidation states might be
important in the transfer process in vivo.
There are two lines of evidence that heme transfer in SiaA may be controlled in part by
redox processes in the protein. First, two ORFs in the sia gene cluster, SiaD and SiaE, have
significant homology to the CydC and CydD proteins of the E. coli ABC cysteine exporter.
CydDC exports cysteine and glutathione in an ATP-dependent process (Pittman et al., 2002;
Pittman et al., 2005). Cysteine export might poise the redox potential on the surface of the cell
so as to favor heme uptake. Very recently, Poole and colleagues have proposed a relationship
between the CydDC transporter and the periplasmic nickel and heme binding protein NikA
(Shepherd et al., 2007).
Second, the irreversibility of heme reduction suggests that the oxidation state change of
the heme is coupled to another change in structure or conformation. One possibility is oxidation
and reduction of a disulfide bridge in the protein. Three-dimensional sequence alignment with
the related cobalamin transport protein BtuF (Borths et al., 2002; Locher & Borths, 2004)
indicates that C47 and C58 in SiaA may be close enough to form a disulfide bond. The
reactivity of some heme proteins has been shown to be controlled by a dithiol/disulfide
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interconversion (Osyczka et al., 2001; Storch et al., 1999a; Storch et al., 1999b). In particular,
there is precedent for this interconversion affecting binding to the heme in neuroglobin and
cytoglobin (Hamdane et al., 2003; Hamdane et al., 2005; Hankeln et al., 2005). Beyond this,
there is speculation about a role of the dithiol/disulfide interconversion in metal uptake via ABC
transporters, but only limited experimental evidence exists to date (Rukhman et al., 2005;
Chandra et al., 2007).
4.4.5 Denaturation. In general, heme proteins with Met-His ligands are more stable in the
ferrous form. This is true for SiaA, which has midpoints for guanidinium-induced unfolding of
3.1 ± 0.1 M for the oxidized and 5.0 ± 0.1 M for the reduced protein. The ΔG(H2O) values for
the oxidized and reduced proteins were 7.3 ± 0.8 and 16.0 ± 3.6 kcal mol−1, respectively. The
difference in the stability between the oxidized and reduced proteins is slightly greater than that
for cytochrome b562 (4.3 ± 0.5 and 10.3 ± 2.4 kcal mol−1, respectively) (Wittung-Stafshede et al.,
1999) and greater than the difference between the forms of D. vulgaris c553 (9.1 ± 0.5 and 10.8 ±
0.7 kcal mol−1, respectively) (Wittung-Stafshede, 1999). The ΔG(H2O) is slightly less than the
differences for horse cytochrome c (9.6 ± 0.3 and 17.7 ± 0.7 kcal mol−1, respectively) and yeast
cytochrome c (5.7 ± 0.2 and 15.1 ± 0.7 kcal mol−1, respectively) (Mines et al., 1996). In all of
these examples with Met-His ligation, the ferric form is less stable than the ferric form.
The m values express the dependence of ΔG(H2O) on the concentration of denaturant. In
general, they are thought to correlate with the solvent-accessible surface area of the protein upon
unfolding (Myers et al., 1995). The values for SiaA are similar to those of horse (104 residues)
and yeast (108 residues) cytochromes c (Mines et al., 1996) and D. vulgaris c553 (79 residues)
(Wittung-Stafshede, 1999), although SiaA is a considerably larger protein (282 residues). The
fact that the heme is covalently attached to these cytochromes, but not to SiaA, may affect the m
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values. The m values of the oxidized and reduced forms of SiaA are similar to one another, as
expected because the two forms of the protein are essentially the same size; this was found
previously for the cytochromes above.
Comparison of protein unfolding in the two oxidation states with rate constants for
heme/hemin transfer can provide insight into the extent to which specific protein-protein
interactions are important in this transfer. The rate constants for heme/hemin transfer from Shp
to SiaA (HtsA) have been measured by Nygaard et al.(Nygaard et al., 2006). FerroShp transfers
its heme to apoSiaA with a rate constant of 28 ± 6 s−1; transfer of the oxidized heme from
ferriShp is less than two-fold faster (43 ± 3 s−1). For both oxidation states, the heme transfer is
affinity-driven. The rate of transfer from the ferric protein is faster than that from the ferrous
protein, consistent with the unfolding data. However, the rates in the two oxidation states are
similar to one another, whereas the free energies of unfolding differ noticeably. This is
consistent with the importance of protein-protein interactions in determining the rate of heme
transfer between these two proteins.
4.4.6 Homologous Heme Proteins with Different Axial Ligands. Herein, we have shown that
SiaA from the Gram positive S. pyogenes has methionine and histidine axial ligands. This is also
the case for the homologous protein IsdE from S. aureus (Mack et al., 2004; Grigg et al., 2007).
In contrast, ShuT, from the Gram negative S. dysenteriae, has a single tyrosine as an axial ligand
(Eakanunkul et al., 2005). There is at least one other known example of a heme protein with
different sets of axial ligands in two different organisms, the CO-sensing transcriptional
activator, CooA (Roberts et al., 2001; Yamashita et al., 2004; Clark et al., 2007; Inagaki et al.,
2005; Komori et al., 2007). Overall, however, the phenomenon is rare. Different sets of axial
ligands in the heme binding protein in ABC transporters argue for subtleties in heme uptake and
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release from the partner proteins in the heme transfer pathways. An understanding of these
subtleties will be key in evaluating the heme uptake pathway as a target for new therapeutics
designed to circumvent the growing antibiotic resistance of pathogenic bacteria (Maresso &
Schneewind, 2006).
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CHAPTER 5
Conformational Stability of a SiaA Axial Ligand Mutant, H229A

5.1 Introduction.
5.1.1 Conformational Changes and Free Energy. A conformational change involves the
rearrangement of a molecule without the rupture or creation of covalent bonds (Lumry &
Biltonen, 1969). Many proteins have a globular conformation that is necessary for their
function. This state is referred to as the folded (F) or native state of the protein. In vivo, a
protein may be in equilibrium with low concentrations of a variety of unfolded (U) or denatured
states (Pace, 1975).
F

U

The transition between the folded and unfolded states can be defined as a step or steps
whereby the conformational arrangement of the polypeptide chains are changed from that of the
typical, functional form to a more disordered form (Kauzmann, 1959). The denaturation curve
generated from this transition can provide the conformational stability which is the difference in
free energy between the folded and the unfolded state of the protein:
ΔG = -RTlnK

Eq. 1

where K = fraction folded/fraction folded (Pace & Scholtz, 1997; Davis-Searles et al., 2001).
In general globular proteins are most stable near their isoelectric points (Pace, 1990).
Stability is enhanced by compounds that bind specifically to the folded protein and by disulfide
bonds. It is also influenced by changes in amino acid sequence.
The conformational stability estimates generated from denaturation curves can be used to
acquire information such as the stability of the protein under physiological conditions or
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increases in stability upon ligand binding (Pace & Scholtz, 1997; Huyghues-Despointes et al.,
2001). Denaturation experiments can also be used to compare proteins that differ only slightly in
structure, such as single point mutants. Information such as this can provide evidence for a
specific residue’s contribution to protein stability.
The mechanism of unfolding can also be investigated, i.e., to determine whether protein
unfolding follows a two-state mechanism or if intermediates are involved (Waheed et al., 1977;
Varhac et al., 2004; Nakamura et al., 2007). The two-state model assumes the protein is either
folded or unfolded with no significant amount of intermediates present (Lumry & Biltonen,
1969; Pace & Scholtz, 1997). The two-state model can be considered more probable if two or
more denaturant conditions are used to determine the conformational stability and both ΔG
values are similar. For example, agreement in ΔG determined by chemical and thermal
techniques supports a two-state mechanism, but does not prove it (Pace & Scholtz, 1997).
Structural clues may also be provided by denaturation studies. For example, the presence of
more than one transition in an unfolding curve suggests the protein may have more than one
domain or that another unfolding mechanism is present (Pace, 1986). This unfolding behavior
has been seen with multidomain proteins where domains unfold independently (Pace & Scholtz,
1997).
5.1.2 Denaturation Techniques. Unfolding curves can be generated using a variety of
denaturing conditions, though it should be noted that the unfolded state in these conditions may
not be thermodynamically equivalent to the denatured state under ambient conditions, nor would
it be equivalent to physiological conditions (pH, presence of osmolytes, salts, other proteins, and
nucleic acids) (Huyghues-Despointes et al., 2001; Davis-Searles et al., 2001; Schellman, 2002).
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When calculating the free energy of unfolding in the absence of denaturing conditions, such as in
water, the term ΔG(H2O) is used.
Guanidine hydrochloride (GdnCl) and urea are often used for chemical denaturation
studies. GdnCl is stable at room temperature for months and is the stronger denaturing agent
(Pace, 1986). However, GdnCl can influence pH even in the presence of 0.1 M buffer, which
can change the values of ΔG(H2O), in that the dependence of ΔG(H2O) on [GdnCl] increases as
[GdnCl] decreases (Nozaki, 1972; Pace & Vanderburg, 1979). For GdnCl titrations, typically a
concentrated stock solution of 8 M is used, with the concentration being measured by refractive
index, as GdnCl is hygroscopic.
Urea is also a commonly used denaturant. Stock solutions of 10 M are generally
employed with the concentrations measured via refractometry. Urea is not stable and can
decompose to create ammonium ions and cyanate, which can chemically modify amino groups
of the protein.
Guanidine thiocyanate (GdSCM) has also been used as a denaturation agent with heme
proteins, sometimes with more success than GdnCl or urea (Cowley et al., 2002). However,
Ahmad and Bigelow noted that thiocyanate ion formed a colored complex with ferric iron during
their studies with Mb (Ahmad & Bigelow, 1982).
Acidic conditions can also unfold many proteins. Acid has been used in conjunction with
GdnCl and urea to lower the amount of denaturant needed for unfolding. Temperature is also
often used to denature proteins. Temperature is gradually increased at a slow rate to allow
equilibrium to occur. Alternatively, the temperature can be raised in increments and the solution
allowed to reach equilibrium. Drawbacks to thermal denaturation include an increased

134
possibility that the unfolding is irreversible, or aggregation (Scholtz, 1995; Pace & Scholtz,
1997).
The most commonly used instrumental techniques to follow unfolding are UV/visible
spectrometry, CD, optical rotary dispersion (ORD), fluorescence, and NMR, though biological
activity measurement, electrophoresis, viscosity and other hydrodynamic techniques have been
employed (Pace, 1986; Pace & Scholtz, 1997; Huyghues-Despointes et al., 2001). The choice of
technique depends on several things, such as the amount of available protein. Fluorescence
requires little protein as compared to other methods, however it is not preferred in thermal
unfolding studies, as this technique is temperature sensitive and results in steep pre-and posttransitional baselines, which in general lead to larger errors (Pace, 1986; Pace & Scholtz, 1997).
UV-vis, CD, and especially NMR require much more protein; NMR, however, can provide more
structural details. For UV/visible spectrophotometry, the spectral region most often used to
study proteins is between 250 and 320 nm, where tryptophan, tyrosine, and phenylalanine
strongly absorb (Mach et al., 1995). Cysteine also absorbs in this region, but its contribution is
small, typically a few percent.
In heme proteins, denaturation generally results in a significant change of the Soret peak,
a prominent band which is generally found near 400 - 450 nm. Heme protein unfolding can be
thought of as a three state process, with the holoprotein, apoprotein with associated heme and
apoprotein itself in solution. Unless the heme remains associated with protein, it will aggregate
in aqueous solution (de Villiers et al., 2007), making the unfolding irreversible. Although there
are formally three states, denaturation data in the heme protein literature are usually fit to the
two-state model.
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5.1.3 Determination of ΔG. Several factors influence the stability analysis of proteins.
Solutions must be in equilibrium prior to data collection, and the time it takes to reach
equilibrium is protein dependent, and can be temperature dependent as well (Pace & Scholtz,
1997). It takes more time to reach equilibrium at the midpoint [D]½, than in the pre- and posttransition regions.
There are three major ways of analyzing denaturation data to determine ΔG(H2O) from
chemical denaturation studies. The binding model (Aune & Tanford, 1969a; Aune & Tanford,
1969b; Puett, 1973; Pace, 1975; Myers et al., 1995; Makhatadze, 1999; Schellman, 2002), the
transfer model (Tanford, 1970; Puett, 1973; Pace, 1975; Pace, 1986; Staniforth et al., 1993;
Myers et al., 1995; Schellman, 2002), and the linear extrapolation method (LEM) (Greene, Jr. &
Pace, 1974; Santoro & Bolen, 1988; Bolen & Santoro, 1988; Pace, 1975; Myers et al., 1995;
Pace, 1986; Schellman, 2002). The linear extrapolation method will be the focus of this
discussion.
The LEM assumes a two-state unfolding mechanism. The linear dependence of ΔGapparent
(the free energy of unfolding at each concentration of denaturant) on denaturant concentration is
assumed to extend linearly to zero. Hence, ΔG(H2O) can be determined by plotting ΔGapparent vs.
denaturant concentration as shown in equation 2:
ΔG(H2O) = m[D] + ΔGapparent

Eq. 2

where the slope m is the dependence of ΔGapparent on denaturant concentration (Santoro & Bolen,
1988; Myers et al., 1995; Pace & Scholtz, 1997), or perhaps more simply, a measure of the
change in surface area upon denaturation (Garcia et al., 2005), and [D] is the concentration of
denaturant. The y-intercept of the extrapolated line (m[D] + ΔGapparent) is equal to ΔG(H2O), the
free energy of unfolding in the absence of denaturant (Greene, Jr. & Pace, 1974; Pace & Scholtz,
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1997). The disadvantage of the LEM is that data may deviate from the extrapolated line at low
denaturation concentration, in that the ΔG(H2O) is underestimated (Pace & Vanderburg, 1979;
Santoro & Bolen, 1988; Makhatadze, 1999). This can occur when using GdnCl as the denaturant
(vs. urea), as at low concentrations GdnCl can alter the protein stability via ionic strength effects.
The denaturant concentration at the midpoint of the transition [D]½, is related to ΔG(H2O)
as follows:
ΔG(H2O) = m[D]½

Eq. 3

which provides a convenient and more accurate way to determine the free energy in water
without using ΔGapparent (Santoro & Bolen, 1988). The determination of the necessary
parameters to solve this equation can be found using the following equation:
y = {( yF + mF[D]) + (yU + mU[D] × exp[m × ([D]-[D] ½)/RT]}/(1 + exp[m × ([D][D]½)/RT])

Eq. 4

where y is the absorbance at any point along the fitted denaturation curve, yF is the absorbance of
the folded state, yU is the absorbance of the unfolded state, m is the slope at the midpoint and also
the dependence of the free energy of unfolding on the denaturant concentration (Greene, Jr. &
Pace, 1974), mF is the slope of the folded state, mU is the slope of the unfolded state, [D] is the
concentration of GdnCl, [D] ½ is the concentration of GdnCl at the midpoint of the unfolding
curve, R is the gas constant, and T is the temperature (Kelvin). A non-linear least squares
program can be used to fit the data (Santoro & Bolen, 1988; Pace & Scholtz, 1997). Unfolding
curves with steeper pre- and post-transition regions can cause larger errors during data analysis
(Pace & Scholtz, 1997).
The transition midpoint does not depend greatly on the unfolding mechanism (Pace &
Scholtz, 1997). However, care must be taken when drawing conclusions based on midpoints
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alone, because proteins with similar ΔG(H2O) may have very different transitional midpoints
(e.g., a higher concentration of GdnCl is needed to unfold the protein).
5.1.4 Previous Studies. There is no modern literature review of denaturation of heme proteins.
Therefore, this dissertation compiles the literature studies of heme protein guanidine denaturation
in tables at the end of this chapter. To our knowledge, there are published guanidine
denaturation studies for only one b-type heme protein with histidine and methionine axial
ligands, cytochrome b562. The section below discusses the denaturation of this protein in detail.
The denaturation of WT SiaA is discussed in Chapter 4.
GdnCl Denaturation of Cytochrome b562. Cytochrome b562 is a 12.3 kDa soluble globular
protein composed of four α-helices. The protein contains a b-type heme ligated by His and Met,
as is the case with SiaA. As b-type hemes are not physically attached to proteins, the
denaturation data of cytochrome b562 may provide a reasonable comparison to SiaA and other
heme transport proteins.
Wittung-Stafshede determined the transition midpoints of b562 to be 1.8 and 5.7 M for the
oxidized and reduced species, respectively (Wittung-Stafshede et al., 1999). Using CD and
absorbance, the free energies of unfolding were determined to be 4.3 ± 0.48 and 10.3 ± 2.4 kcal
mol-1 for the oxidized and reduced species, respectively, using the LEM model (WittungStafshede et al., 1997). The agreement of free energy values determined for by CD and
absorbance indicated a two-state transition.
Hay and Wydrzynski have reported a ΔG(H2O) of 7.0 kcal mol-1 for the oxidized form
(Hay & Wydrzynski, 2005). Two mutants were also investigated: M7H, the axial ligand; and
H63N, a surface exposed histidine (and the only other histidine other than the axial ligand
histidine). The free energies of unfolding the mutants were 4.3 and 6.8 kcal mol-1, respectively.
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The significant reduction in free energy of unfolding for the axial ligand mutant suggested that
methionine was a major contributor to stability, whereas the substitution of histidine with
asparagine had little effect. Molecular modeling suggested that the larger histidine residue
affected the N-terminal α-helix around position 7. The C-terminal helix was also more
disordered to due accommodation of the histidine.
Arnesano et al. have characterized the stability of oxidized cytochrome b562 and a R98C
mutant (Arnesano et al., 2000). This mutant had a single covalent bond between the heme and
cysteine 98, essentially creating a c-type heme. Denaturation curves were generated using a twostate transition model. The mutant cytochrome in which the heme was covalently attached
required more GdnCl to denature the protein than the WT, 4.27 and 2.15 M, respectively. The
Gibb’s free energies of unfolding were 7.2 and 8.5 kcal/mol for the WT and mutant, respectively.
The structural differences between the two proteins were small (Arnesano et al., 1999); covalent
attachment of the heme in the mutant stabilized the structure.
Garcia et al. have investigated the unfolding of b562 using CD and NMR (Garcia et al.,
2005). CD results showed a two-state transition. NMR data could not be fit following the twostate model, and indicated another process was occurring between 0 and 2 M GdnCl; at 2 M
GdnCl the spectra indicate a mixture of two species in slow equilibrium with one another.
Winkler and coworkers have studied a mutant of cytochrome b562 in which the heme is
covalently attached to the protein by two thioether linkages (Faraone-Mennella et al., 2005;
Faraone-Mennella et al., 2006). GdnCl unfolding was followed by CD, UV, and fluorescence.
All three techniques gave similar results in that the oxidized form was less stable than the
reduced form (Faraone-Mennella et al., 2005). The [D]1/2 of the oxidized mutant was
approximately 2 M greater than that of the WT. The absorbance spectra showed little change
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during denaturation, and resembled the folded protein; however, CD showed that the protein was
unfolded. The oxidized mutant was most stable at pH 5, and had midpoint of denaturation at 4.2
M (Faraone-Mennella et al., 2006). The slope at the midpoint and the free energy of unfolding
were 2.4 kcal mol-1 M-1 and 10 kcal mol-1, respectively. At pH 7, the denaturation midpoint was
3.3 M.
Fuentes and Wand investigated the apoprotein via CD (Fuentes & Wand, 1998). The
protein unfolded in a two-state mechanism, with a midpoint of approximately 1.1 M. The slope
at the midpoint and the free energy of unfolding were 5.8 kcal mol-1 M-1 and 3.3 kcal mol-1,
respectively.
5.1.5 Scope of this Study. In this chapter, we report a denaturation study of the SiaA mutants,
H229A. The H229A and Met79A mutations were originally chosen based on homology
modeling with comparison to the cobalamin binding protein BtuF from E. coli and the FhuD
siderophore binding protein (Figure 5.1). Since the original modeling work in our laboratory, the
crystal structure of the related IsdE from S. aureus has been published (Grigg et al., 2007).
Homology modeling with this protein strongly indicates that H229 and Met79 are indeed the
correct axial ligands. The purpose of this denaturation study was to help us understand the role
of the axial ligands in defining heme binding in SiaA.
5.2 Experimental.
5.2.1 Chemicals and Reagents. Yeast extract and tryptone were from Difco. Tris-HCl, sodium
phosphate, Tween-20, Triton X-100, sodium EDTA, nickel chloride, sodium chloride, methanol,
sodium dodecyl sulfate (SDS), glycerol were from Fisher Scientific. Antibodies for Western blot
were from Sigma.
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5.2.2 Mutagenesis. SiaA mutants were a kind gift from the laboratory of Professor Zehava
Eichenbaum and Amrita Nargund, Department of Biology, Georgia State University. The
mutant was prepared using a QuickChange kit (Stratagene) by the Department of Biology,
Georgia State University, to compare binding/kinetic data to the WT SiaA. Histidine at position
229 was replaced with alanine (H229A), and was verified by DNA sequencing (Advanced
Biological Core facility, Georgia State University).
5.2.3 Expression and Purification. The H229A mutant was expressed and purified from
Top10/pSiaA-His cells as previously described in Chapter 4. Enterokinase was not used to
remove the histidine tag. Absorption spectrophotometry indicated that very little heme was
present in the mutant as purified, as evidenced by a low Soret:280 nm absorbance ratio
(approximately 0.37 for H229A vs. 1.7 for WT). As such, a higher concentration of mutant
protein was needed than with the WT to achieve an absorbance high enough to measure
accurately.
5.2.4 Conformational Stability. Protein unfolding experiments were performed on the nonenterokinase-cleaved form of the mutant using GdnCl as the denaturant, according to standard
protocols of Pace and Scholtz (Pace & Scholtz, 1997). UV-visible absorption spectrometry
[Varian 50 Bio spectrophotometer, 1.5 mL quartz black-masked Supracil cuvettes (Spectracell)
with 1 cm path lengths] was used to follow the unfolding process. Refractive index was used to
verify the GdnCl concentration (23), which was 8.36 M. Approximately 73 µM protein in 50
mM Tris-HCl, pH 7.0 was used for the titrations. This high concentration was necessary in order
to achieve an accurate absorbance that was well above the noise level of the instrument. The pH
of the H229A solution prior to denaturant addition was 7.05. Equilibrium was considered to
have been established when the absorbance did not vary more than 0.001 from the previous
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measurement. All experiments were kept at 22 °C using a Quantum Northwest TC 125
temperature control unit.
5.3 Results and Discussion.
5.3.1 Denaturation Studies. The attempted denaturation of H229A was followed via
absorbance spectrometry. The initial absorbance spectra showed a λmax at 403 nm. The
spectrum did not show clear α- or β-peaks, presumably because the heme is not associated with
an axial ligand in the binding pocket.
After each GdnCl addition, equilibrium was reached in less than 20 minutes (as told by a
change of less than 0.001 over 20 min). This was substantially shorter time than that required for
WT SiaA to reach equilibrium, which in the transition region which were well over one hour.
Each H229A titration spectrum (250 - 700 nm) was overlaid, normalized to zero at 700
nm, and the absorbance corrected for dilution. The corrected absorbances in the Soret and the
280 nm regions decreased with increasing GdnCl concentrations. However, the unfolding curve
typically seen with protein denaturation was not observed. Rather, the absorbance simply
decreased in a nearly linear manner, though a slight dip was seen around 1 M GdnCl.
Throughout the experiment, the λmax changed measurably. Prior to GdnCl addition, the
λmax was 403 nm. At 1 M GdnCl, it had increased to 406 nm. It then stabilized at 402 nm from
1.75 to 5 M GdnCl. Above this concentration, increased to 403 nm. These results differ from
the experiments with the WT, where the Soret blue-shifted during GdnCl titrations, indicating
the loss of heme from the binding pocket. At no time during the WT experiments did the Soret
peak red-shift during titration with GdnCl. Near the end of the experiment, the 280 nm peak
began to split, with peaks developing at approximately 275 and 280 nm.
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There are a few possibilities as to why significant unfolding could not be detected using
absorbance. It could be proposed that unfolding was simply happening extremely slowly.
However, this is not the case because spectra taken the next day did not show significant shifts.
The heme loading in this protein was low. Although the extinction coefficient of this protein is
not known, if one uses the extinction coefficient for WT SiaA, it can be estimated that the heme
loading was only about 10%. Thus, there were significant amounts of apoprotein in the solution.
Because unfolding is an equilibrium between the holo- and apoprotein, the large amount of
apoprotein may have affected the data. Finally, methionine, the opposing axial ligand, is not
known to bind heme without the aid of another ligand. Thus, the protein may have been binding
heme non-specifically or very loosely, which is also suggested by the lack of α- and β-peaks. A
protein with heme in a variety of loosely associated states would not be expected to show a
standard two-state denaturation curve. A study of the M79A mutant may provide further
information as to why absorbance was not able to follow denaturation of the H229A mutant.
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Figure 5.1 SiaA sequence threaded into the BtuF (top) and FhuD (bottom) proteins.
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Table 1. GdnCl denaturation values for monomeric, cytochrome b-type heme binding proteins.
Protein

[GdnCl]
midpoint
Oxidized
Reduced

m
kcal mole-1 M-1
Oxidized
Reduced

Cytochrome b562

1.5a
6.0a
1.8
5.7
NR
NR
NR
NR
NR
NR
4.2 ± 0.05
NR
2.15 ± 0.2
NR
4.27 ± 0.01
NR
1.1 M
NR
3.64 ± 0.1
NR
3.05
NR
2.6 ± 0.3
NR

NR
NR
NR
NR
NR
NR
NR
NR
NR
NR
2.4 ± 0.02
NR
3.4 ± 0.5
NR
2.0 ± 0.1
NR
5.8
NR
NR
NR
2.1
NR
2.6 ± 0.24
NR

Cytochrome b562e
Cytochrome b562e
Cytochrome b562, H63Ne
Cytochrome b562, M7He
Cytochrome b562,
thioether mutant
Cytochrome b562
Cytochrome b562,
R98C mutant
Apocytochrome b562
OM Cytochrome b5
MC Cytochrome b5e
OM Cytochrome b5

ΔG(H2O)
kcal mole-1
Oxidized
Reduced
4.3 ± 0.48
10.3 ± 2.4
NR
NR
7.0
NR
6.8
NR
4.3
NR
10 ± 1
NR
7.2 ± 0.1
NR
8.5 ± 0.2
NR
3.3
NR
9.0 ± 0.76
NR
6.33
NR
6.9 ± 0.72
NR

Reference

(Wittung-Stafshede et al.,
1997)
(Wittung-Stafshede et al.,
1999)
(Hay & Wydrzynski, 2005)
(Hay & Wydrzynski, 2005)
(Hay & Wydrzynski, 2005)
(Faraone-Mennella et al.,
2006)
(Arnesano et al., 2000)
(Arnesano et al., 2000)
(Fuentes & Wand, 1998)
(Silchenko et al., 2000)
(Manyusa et al., 1999)
(Arnesano et al., 1998)
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Table 2. GdnCl denaturation values for monomeric cytochrome c-type heme binding proteins.
Protein

[GdnCl]
midpoint
Oxidized
Reduced

m
kcal mole-1 M-1
Oxidized
Reduced

ΔG(H2O) kcal mole-1
Oxidized
Reduced

Reference

Cytochrome c,
horse hearte
Cytochrome c,
Candida kruseie
Cytochrome c,
cow hearte
Cytochrome c,
horse heart
Cytochrome c,
yeast
Cytochrome c552

2.4
NR
1.9
NR
2.6
NR
2.8 ± 0.1
5.3 ± 0.1
1.3 ± 0.1
3.8 ± 0.1
5.7b
NR
4.7 ± 0.6
NR
0.95
NR
3.65 ± 0.2
3.91 ± 0.2
1.0 ± 0.1
4.8 ± 0.2

3.0
NR
3.8
NR
3.2
NR
3.4 ± 0.1
3.3 ± 0.1
4.5 ± 0.1
4.0 ± 0.1
3.8 ± 0.4
NR
2.7 ± 0.24
NR
2.56
NR
2.5 ± 0.1
2.8 ± 0.1
NR
NR

7.3
NR
7.2
NR
8.4
NR
9.6 ± 0.24
17.7 ± 0.7
5.7 ± 0.2
15.06 ± 0.7
21.4 ± 2.0
NR
12.5 ± 1.1
NR
2.43
NR
9.1 ± 0.5
10.8 ± 0.7
NR
NR

(Knapp & Pace, 1974)

(Sabahi & Wittung-Stafshede,
2002)

0.7 ± 0.2
3.7 ± 0.2

NR
NR

NR
NR

(Sabahi & Wittung-Stafshede,
2002)

Cytochrome c552
Cytochrome c6f
Cytochrome c553
Cytochrome f,
Chlamydomonas
reinhardtii
Turnip cytochrome f,
Cruciferae spp.

(Knapp & Pace, 1974)
(Knapp & Pace, 1974)
(Mines et al., 1996)
(Mines et al., 1996)
(Travaglini-Allocatelli et al.,
2003)
(Wen et al., 2007)
(Satoh et al., 2002)
(Wittung-Stafshede, 1999)
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Table 3. GdnCl denaturation values for monomeric heme binding proteins.
Protein

[GdnCl]
midpoint
Oxidized
Reduced

m
kcal mole-1 M-1
Oxidized
Reduced

ΔG(H2O) kcal mole-1
Oxidized
Reduced

Reference

SiaA

3.1 ± 0.1
5.0 ± 0.1
2.7 ± 0.2
NR
2c
3.2c

2.4 ± 0.3
3.3 ± 0.6
4.3d
NR
NR
NR

7.3 ± 0.8
16.0 ± 3.6
11.5 ± 4.7
NR
NR
NR

This work

NR

4.5i

10.7g, 9.5g, 8.8g, 9.5f, 7.5h

(Pace & Vanderburg, 1979)

1.63
NR
1.8
NR
2.36
NR
2.5
NR

NR
NR
NR
NR
NR
NR
NR
NR

10.4g, 11.8g

(Puett, 1973)

NR
NR
13.2 f, 14.3g

(Schechter & Epstein, 1968)

NR
NR

(Schechter & Epstein, 1968)

HasA
metMb, sperm whale e
DeoxyMb,
sperm whalee
Mb,
horse
metMb,
horsee
metMb,
horsee
metMb,
sperm whalee
metMb,
sperm whalee
a

(Wolff et al., 2003)
(Hargrove & Olson, 1996)

(Puett, 1973)

Estimated from Figure 1, Wittung-Stafshede et al. 1997.
Estimated from Figure 2, Travaglini-Allocatelli et al. 2003.
c
Estimated based on concentration of GdnCl required to dissociate 50% of the heme from Mb.
d
Estimated from Wolff et al. 2003.
e
No error bars reported.
b
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f

Transfer method for analyzing ΔG (Tanford, 1970).
Binding method for analyzing ΔG. When multiple values of ΔG are given, different binding constants (k) have been used
(Aune & Tanford, 1969a; Aune & Tanford, 1969b).
h
Linear extrapolation method for analyzing ΔG.
NR, not reported.
OM, outer membrane.
Mc, mitochondrial.
g
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